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On the Fabrication and Utilization of Vertically Aligned Single 
Walled Carbon Nanotube Structures 
The inherent alignment in carbon nanotube "carpet" structures makes possible a variety 
of applications particularly for electronic device implementation. A method has been 
developed for transferring a carpet to a conductive substrate, to enable implementation 
for electronic devices. Methods for manipulating the size of the nanoparticle growth 
catalyst through controlled acid etch and for creating highly dense structures of aligned 
nanotubes from carpets by liquid processing are presented. One of the most promising, 
near-term applications for nanotube carpets is as the basis for a solid-state, ultra-high 
energy/ultra-high power "supercapacitor." Modeling of capacitance characteristics, 
fabrication methods and electrical characterization data are presented. 
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Chapter 1: Introduction 
1-1: Introduction to Carbon Nanotubes 
Carbon nanotubes were arguably first discovered in 1952 by Radushkevich & 
Lukyanovich,1 and were observed in greater detail in 1976 by Oberlin & Endo.2 
However, it was not until after the discovery of Buckminsterfullerene in 1985 by 
Smalley, Curl & Kroto and the ensuing consideration of molecularly pristine graphitic 
objects that the potentially remarkable properties of high quality carbon nanotubes were 
first recognized.3'4 Thus when Iijima5 announced the observation of carbon nanotubes in 
ft 7 
arc discharge produced carbonaceous materials in 1991 and Iijima and Bethune 
separately discovered single walled carbon nanotubes using metal catalysts under arc 
discharge conditions in 1993, the scientific community came to embrace this new avenue 
for progress and has both theoretically and experimentally verified the extrordinary 
potential of carbon nanotubes. 
Figure 1.1: Early Transmission Electron Microscope images of Carbon Nanotubes. 
Examples of MWNT shown on the left and a SWNT shown on the right. Adapted from 
reports by Iijima5 & Bethune7 
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Theoretical considerations prompted some scientists such as Smalley to recognize early 
on that carbon nanotubes had the potential to transform the technological world and seek 
to develop a programme to overcome the obstacles to harness this vast potential. 
Carbon nanotubes present a broad range of extraordinary intrinsic materials properties 
unparalleled by any other material heralding a myriad of potential technological 
applications. In the words of Dr. Richard Smalley who dedicated his work to the 
technological possibilities presented by carbon nanotubes: "It is not merely that carbon 
nanotubes are the most versatile material that we have yet encountered... Carbon 
nanotubes are the most perfect material that will ever be."8 
The scope of these properties is far-reaching, offering unique mechanical,9'10 thermal11 
and electrical12'13'14 properties and capabilities, while their highly one dimensional form 
and perfection makes them ideally suited for a host of nanoscopically enabled tasks. 
Despite nanotubes overwhelming list of extrordinary properties, to date carbon nanotubes 
have found their way into only a handful of commercialized applications and remain 
largely confined to laboratory bench studies. This lack of commercial integration stems 
from a fundamental lack of control over several important materials properties at the 
nanoscopic scale. The much touted technological properties of these materials are 
considered for a single perfect nanotube or perfect crystal of nanotubes. When actual 
nanotubes are physically produced they are typically bundled and tangled haphazardly 
into disordered "rope," "buckypaper," or "fluffy" superstructures of mixed 
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chiralities.15'16'17 The properties of such a nanotube superstructures are not those of 
individual nanotubes and stem from both the internal properties of the nanotubes and the 
contact forming properties of the nanotubes as they are arranged into various types of 
network superstructures. 
One of the key parameters determining the behaviour of nanotube superstructures is the 
the alignment of the nanotubes within the structure. For uncoordinated growth processes 
the alignment of as-produced nanotubes is random overall and extensive processessing is 
required to clean and align nanotubes for application. However, coordinated growth of 
nanotubes from planar substrates can produce vertically aligned nanotube structures 
called "carpets." The alignment of these carpets makes them suited to a wide variety of 
technological applications as shown in Table 1.1. 
Table 1.1: Nanotube Carpet Applications 
Electronic 
Mechanical 
Thermal 
Vias & Interconnects 
Transistors & Diodes 
Capacitors 
Field Emitters 
Sensors 
Fibers 
Membranes 
Thermal Conductors & Radiators 
References 
18 19 
20 
21 22 
5 
23 24 
25 26 
5 
27 
28 
29 
4 
1-2: Terminology 
To clarify the discussion the following definitions are introduced: 
CNT- Carbon nanotubes (CNTs) are structures formed from carbon bonded into planar 
hexagonal (grapheme) lattices which in which the lattice closes on itself along one axis to 
form a closed tube. Such a structure can be composed of any number of concentric 
hexagonal sheets. 
SWNT- The most basic form of CNT is the Single-Walled Carbon Nanotube (SWNT) 
which is comprised of only a single hexagonal lattice sheet closed on itself. 
MWNT- When a number of SWNT are concentrically nested they form a single object 
termed a "Multi-Walled Carbon Nanotube (MWNT) where each SWNT in the MWNT is 
seen as a single wall of the overall structure. (A sub-classification of MWNT which is 
often distinguished from general MWNT are double-walled and "few-walled" nanotubes, 
where the nanotube structure has fewer than five walls.) 
Figure 1.2: Wireframe model illustrations of SWNT & MWNT - adapted from 
Raymond M. Reilly, Carbon Nanotubes: Potential Benefits and Risks of 
Nanotechnology in Nuclear Medicine30 
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Chirality - The only constraint in bending a hexagonal sheet into a tubular structure to 
form a carbon nanotube is that the two edges of the hexagonal sheet must match up to 
form a closed lattice. This criterion can be met by rolling up a flat hexagonal sheet along 
a variety of different angles. For carbon nanotubes each of these roll-up vector angles is 
typically called its "chirality."1 Strictly speaking, each chirality of carbon nanotubes 
represents a separate "specie" of carbon nanotubes with a unique density of states arising 
from its unique symmetries. This effect is most apparent in the electrical properties of 
the carbon nanotubes which vary strongly according to the chirality: two thirds of 
chiralities are semiconducting, one third are metallic or quasi-metallic. 
Figure 1.3: Representation of single walled nanotube types determined by the chirality 
vector on the graphene lattice. Red dots represent metallic/quasi-metallic species while 
open dots represent semiconducting species. - adapted from Maruyama31 
1
 While this use of "chirality" has been completely adopted by the carbon nanotube community it is at odds 
with the more precise use of the word. In the traditional sense, "chirality" indicates the "handedness" of 
the object interrelating the symmetry transformations of reflection and rotation for the object. The use in 
carbon nanotube literature is therefore different from this traditional use in that "left-handed" and "right-
handed" carbon nanotubes are typically referred to as having the same "chirality" as long as the absolute 
values of their chiral vectors are the same. 
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Pristine & Defective - 'Pristine' refers to an idealized state of nanotube in which the 
lattice, composition and morphology of the nanotube matches the afore mentioned 
definitions exactly. 'Defective' refers to deviations from this ideal. 'Defects' can come in 
a variety of forms including "topological" defects in the lattice such as pentagon-
heptagon pairs replacing hexagons in the lattice, non-carbon atoms in the lattice, or out-
of-lattice bonds of the carbon atoms to other moieties. For MWNTs these can also take 
the form out-of-lattice bonds between different walls or more extreme topological defects 
leading to a lack of clearly defined wall structure. The degree to which a nanotube is 
pristine or defective is often referred to as its "quality." 
1-3: Basic Synthesis of Carbon Nanotubes 
The synthesis of carbon nanotubes requires that carbon atoms selectively undergo sp2 
bond formation to incorporate into the lattice at the end of a growing nanotube. In most 
cases which produce high quality nanotubes, these conditions are met through a process 
in which: 
1. Carbon bearing species are transported to the end of a nanotube. 
2. Carbon species undergo chemical reaction to add into the open end of the 
grapheme lattice. 
Nearly all current methods for synthesizing SWNT and high quality MWNT are based on 
nanoparticle catalyzed growth techniques. ' ' ' ' ' The nanoparticle can perform 
several functions simultaneously depending on the growth environment; most 
importantly the nanoparticle must transport carbon from the growth environment to the 
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into growing edge of the nanotube and efficiently anneal this carbon into a pristine 
hexagonal formation.38 
Currently, the most favored methods for large scale nanotube synthesis and technological 
integration are based on Chemical Vapor Deposition (CVD) growth conditions.32,33 In 
these growth methods the nanoparticle acts as a catalyst surface to decompose carbon 
precursors, transports carbon atoms to the growing nanotube edge and anneals the carbon 
lattice produced. If any one of these functions is hindered then the nanotube growth can 
be significantly impaired or terminated.39 
One of the most critical factors in carbon nanotube growth is the catalyst particle. 
Numerous studies have demonstrated a strong link between the size of a catalyst particle 
and the size of the carbon nanotube grown from it.40,41,42 Several studies have connected 
the composition of a catalyst particle with the quality and type of nanotube material 
created.43 Various schemes are employed to create the nanoparticles used in nanotube 
growth, two main delineations can be clearly noted: (1) Nanoparticles can be created 
externally and inserted into the growth environment; (2) Nanoparticles can be created by 
in-situ processes in the nanotube growth environment. 
A variety of growth modalities are observed. Carbon nanotubes can be grown either by 
catalyst which are bound to a supporting surface, termed "base growth," or by catalyst 
which are free in space, termed "tip growth." These two modes show marked differences 
in the dynamics of growth and they type of materials produced. 
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Figure 1.4: Depiction of base & tip mechanisms for carbon nanotube growth (drawn 
showing MWNT growth but equally applicable to SWNT growth) - adapted from 
Michael Daenen44 
Tip growth was the first form of growth discovered for catalytic growth of carbon 
nanotubes45 in the carbon arc and laser oven processes. Base growth is widely used to 
produce many different types of carbon nanotubes33'46'47 ranging from the smallest of 
SWNT to large MWNT. Fundamentally, base growth occurs whenever a carbon 
nanotube grows off from a catalyst nanoparticle which remains attached to another 
surface during growth which acts as a supporting substrate. A wide variety of surfaces 
have been proven effective for some form of base growth; however, to produce 
significant levels of SWNT only ceramic substrates (such as alumina,48 quartz,49 and 
magnesia50) have been found to be acceptable (presumably because they are inert). One 
facet of this mechanism which is particularly relevant to this work is that under certain 
circumstances the base growth of carbon nanotubes from substrates can occur in a 
concerted mode which leads to vertically aligned arrays of carbon nanotubes known as 
'carpets" [cf. Chapter 2]. 
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Various types of carbon containing molecules are used as feedstock molecules to supply 
carbon nanotube CVD syntheses. Hydrocarbons and other organics52 are the most 
common though halo-hydrocarbons53 and carbon monoxide 2 are also used. 
Secondary (non-feedstock) gases are often added to the growth environment. These 
range from simple diluents such as argon and nitrogen to more active species. Weak 
oxidizing agents such as such as water vapor and carbon dioxide are frequently used to 
"clean up" the growth process by removing amorphous surface carbon residues from the 
catalyst particle to prevent catalyst deactivation.54 Hydrogen is often used with 
hydrocarbons and organics to moderate the chemical potential of the growth environment 
and to abstract non-carbon atoms from the feedstock.55 Other gases such as thiophene 
and sulfur are commonly used to modify the chemical activity of catalyst itself.56 
Many different breeds of CVD techniques have been developed to grow carbon 
nanotubes. Standard catalytic CVD has proven very effective and many techniques and 
recipes have been developed.57. In addition, more exotic variants of CVD technology are 
increasingly being used for specialized carbon nanotube syntheses. Plasma-enhanced 
CVD (PECVD)58 was one of the first CVD variants explored for nanotube synthesis and 
is commonly used to create high quality nanotubes in at low temperature conditions. 
These are particularly of interest for in-situ growth of nanotubes for electronics 
applications which cannot withstand the high temperature conditions typically associated 
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with nanotube synthesis. Flame-assisted CVD59 techniques have recently been 
demonstrated to have great potential for the efficient synthesis of carbon nanotube 
materials. Lately, atomic hydrogen provided by hot-filament (HFCVD) a has proven 
particularly useful for catalyst activation in base growth situations for growing high 
quality SWNT carpets.60 
One of the more unique properties of carbon nanotubes as a material is that it is actually a 
whole class of materials in which the exact properties of the nanotubes depend very much 
on the exact type of nanotube involved. The electronic, mechanical and thermal 
properties all depend more or less sensitively on the type (SWNT/MWNT), chirality, 
length and quality of the nanotube. Different synthesis methods typically lead to 
different types of nanotubes. To date no synthesis method has been found which can 
directly synthesize nanotubes of a single type; a range of chiralities and lengths are 
produced by every synthesis method reported. 
1-4: Electrical Properties of Carbon Nanotubes 
It is the unique electrical properties of carbon nanotubes that have motivated much of this 
work. Many of the unique electrical properties of carbon nanotubes originate in the 
reduced dimensionality (both geometrically and in available quantum states) of these 
structures. The reduced quantum state dimensionality of these systems causes 
fundamentally different conduction scattering behaviour than for tranditional 
conductors.61 The fact that they are comprised of a single atomic layer leads to an 
increased coupling of internal states to the external universe compared to bulk materials. 
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These and other behaviours are of significant interest for the fabrication of a wide array 
of new devices based on these materials; however, they also require that new models and 
conceptual understandings be developed in order to practically implement carbon 
nanotubes into technologies. 
Density of States, Band Structure and Conduction 
As a material carbon nanotubes exhibit electronic density of states (DOS) functions 
typical of one dimensional conducting materials. The density of states starts out as a 
constant at the Fermi level and is punctuated by cumulative spikes in the state density 
called van Hove singularities62 which are symmetric about the Fermi level. The basic 
band structure of a carbon nanotube a direct consequence of its lattice unit cell; and can 
be simply calculated based on the grapheme potential for the hexagonal lattice and the 
translational unit cell for each chirality of nanotube. Partial bond rehybridization caused 
by curvature causes small perturbations to these values proportional to the square of the 
radius.63 
Each chirality exhibits a unique DOS function; grouped into three different classes: 
(1) Semiconducting - All nanotubes with chiral indexes (n,m) such that 
(n - w)mod3 = 1,2 are semiconductors; as such semiconducting nanotubes are the 
most prevalent type of nanotube making up two-thirds of all species. These 
nanotubes exhibit a finite bandgap at the Fermi level between the spikes of the 
first van Hove singularities on each side of the Fermi level. The average size of 
this bandgap gets smaller with increasing nanotube diameter; e.g. a (6,1) nanotube 
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has abandgap of .83 eV and a diameter of 5.21 A while a (1.2,1) nanotube has a 
bandgap of .428 eV and a diameter of 9.95 A.64 The band gap for these nanotubes 
is direct, meaning that excitons can be created and destroyed without requiring 
any other concurrent excitation of the nanotube (e.g. a phonon) to conserve four-
momentum. This allows efficient photoexcitation across the bandgap for these 
structures and efficient photoelectric light production by exciton annihilation.65 
(2) Metallic (armchair) - Nanotubes with n=m chiral indices (called "armchair" 
nanotubes due to the orientation of hexagons in their lattice) are achiral & 
metallic with a finite density of states at the Fermi level1 allowing conduction 
under infinitesimal applied potential gradients. It is worth noting that the DOS 
at the Fermi level per unit length of the carbon nanotube is the same for all 
metallic nanotubes: v0'= — = 0.2497 (eV • A)'1,63 
dl 
(3) Quasi-metallic - Nanotubes with (n - w)mod3 = 0 fl(" - rn) * 0 are quasi-
metallic;63 that is, the translational symmetry of these chiral lattices is has no 
bandgap, but a very small bandgap is introduced by the curvature of the structure 
(14,5=.03eV; 22,19=.002eV). Even so, these nanotubes are presumed to act 
essentially as conductors at room temperature11 with the bandgap essentially 
overcome by thermal broadening. The DOS near the Fermi level is the same as 
for armchair metallic nanotubes, and displays similar behaviour for the purposes 
of many electronic properties. 
1
 It is worth noting that while an isolated armchair nanotube is a true conductor, environmental interactions 
which act to break the cylindrical symmetry70 of the nanotube such as twisting or bundling with other 
nanotubes71 can cause a bandgap to appear at the Fermi level 
" kbT~ 026 eV for T=300K 
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One of the most unique properties of carbon nanotubes is their propensity for ballistic 
current conduction over relatively long distances.69 This phenomena contributes to many 
diverse, physically interesting effects in carbon nanotubes.70'71 For carbon nanotube 
devices the most pertinent consequence of this is that a significant fraction of the 
resistance in typical nanotube devices occurs in the nanotube contact rather than 
dissipating within the nanotube itself.72 It must be noted that this presumes pristine 
nanotubes; when defects occur in a CNT lattice they act as scattering points and increase 
the resistivity of the CNT.73 It is typically observed that SWNT are more pristine than 
MWNT. 
Quantum Capacitance & Kinetic Inductance 
The paucity of states (and therefore conduction channels) available and at the Fermi level 
leads to highly "non-classical" electronic characteristics inherent in carbon nanotube 
materials. Two of the most distinctive behaviours that emerge are the appearance of so-
called "quantum-capacitance" and the "kinetic inductance." 
As a circuit variable, "capacitance" (C) describes the potential energy versus charge 
displacement in a circuit - similar to a spring constant for a mechanical system. For 
classical circuit systems the capacitance is a function purely of electrostatic interactions. 
However, for objects such as carbon nanotubes, the energetic constraints imposed by the 
Schrodinger equation are non-negligible. In these cases the circuits total capacitive 
behaviour is the series sum of its traditional electrostatic capacitance in series with a 
"quantum capacitance" term which accounts for this constraint [cf. Chpt 6-2]. 
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As a circuit variable, "inductance" (L) describes the inertial reaction of a an electrical 
system to an applied displacement force: s - L—. The effective total inertia of a 
charged particle is given by p = ymv + qA . This includes both a mass-momentum term 
and a term which originates from the interaction of the electron charge with the local 
vector potential caused by other charges in the universe (magnetic interaction). For 
traditional circuits recall that the actual electron velocity is small so the contribution of 
mass-momentum p = ymv &mv is small (calculated momentum reactance of a copper 
wire circuit). However, the number of electrons in motion and their relative proximity is 
very high so the electrodynamic inertia can be very high indeed. For traditional systems 
the mass-momentum is negligible compared to the electrodynamic intertia the inductance 
of a circuit is determined solely by the electrodynamic properties of a circuits geometry. 
However, in carbon nanotubes current is typically propagated by relatively few electrons 
traveling very fast; because of this the mass-momentum of the electrons contributes 
significantly to the system; this mass-momentum derived term is called "kinetic 
inductance." This kinetic inductances also acts in series with the electrodynamic 
inductance of a system. Kinetic inductance is in many ways very intuitive and simpler to 
picture than traditional inductance since it depends only upon the velocity of electron 
conduction in the circuit. However, it must be carefully distinguished from traditional 
magnetic inductance as it obeys because it often leads to different circuit network rules 
than those of the more traditionally familiar electrodynamic inductance. It is particularly 
important to note that kinetic inductance depends only on the number of electrons 
available for conduction whereas the electrodynamic inductance depends only on 
geometric shape of the circuit. 
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Based on these intrinsic electrical properties of carbon nanotubes, it is straightforward to 
predict the equivalent transmission line circuit behaviour of a carbon nanotube device by 
incorporating these properties (quantum capacitance and kinetic inductance) into the 
electrodynamic circuit model which would be derived for a classical conductor.74 
It is important to remember that the preceding discussion has occupied itself primarily 
with the single-particle states of a system. In general the system behaviour of an actual 
will depend not only on these single particle states but also on multi-particle interaction 
which can contribute significant corrections to the expected single particle behaviour in 
some cases.75 
External Couplings 
In a SWNT every atom is part of the surface of the nanotube; this allows for extremely 
efficient coupling of the electronic structure of a nanotube to the outside universe. 
Effects that are negligible in traditional metals due to bulk screening are highly visible in 
carbon nanotubes as there is no "bulk" within a nanotube. Even in MWNT, quantum 
capacitance effects due to the low density of states of a nanotube implies greater coupling 
of the inner walls of a MWNT to the outside world that exists for typical metals, 
especially at low temperatures [cf. chpt 6-2]. This allows both carbon nanotubes to be 
doped and depleted very efficiently by both electrostatic fields76 and adsorbed surface 
species which can donate or extract charge from the nanotube.77 It must be noted that the 
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population and depopulation of electrons in carbon nanotubes serves to change the 
carbon-carbon bond strength which has significant impact on a carbon nanotubes 
mechanical properties.78'79 
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Chapter 2: Vertically-Aligned Single-Walled Carbon Nanotube 
Carpets 
2-1: Introduction 
In recent years a new method of growing carbon nanotubes as vertically aligned arrays 
from a substrate has been developed.1 These arrays, referred to as "carpets'" are of 
particular interest for a variety of applications which utilize the highly aligned nature of 
these structures. Proposed applications range from electronic device elements such as 
capacitors,2 vias3 and field emission cathodes to mechanical applications such as "gecko 
tape,"5 and lotus effect hydrophobic surfaces6 to thermal applications as cooling 
elements.7 
Figure 2.1: Edge view of a SWNT carpet on a silicon chip growth substrate seen under 
scanning electron microscope (SEM). 
1
 These structures are sometimes alternately called "forests" or the acronym VANTA (vertically aligned 
nanotube arrays) 
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2-2: Basic Form & Synthesis Principles 
Carpet structures are synthesized by CVD growth of nanotubes from a layer of catalyst 
particles attached to a substrate. Under appropriate circumstances the nanotube grown 
under these circumstances will form carpet structures exhibiting a high degree of 
alignment normal to the growth substrate.8 This synthesis mechanism is fundamentally a 
form of base-growth. Alignment occurs as a result of inter-nanotube interactions in the 
growth process. When catalyst particles grow nanotubes in sufficient density on the 
substrate the growing tubes quickly intersect with each other and stick through van der 
Waals attraction.9 
A single base-growing nanotube may grow freely in any direction above the plane of the 
substrate, and after some growth time will tend to "fall" back onto the substrate (either 
through gravity, thermal motion or other forces) where it will stick.10,1' As any two 
nanotubes are growing and cross paths (either through direct path intersection or 
vibrational thermal motion) and bind together, continued growth of these nanotubes will 
be along the direction which is the vector sum of the two original growth vectors. As the 
number of nanotubes which intersect and form a bundle increases then statistically the 
vector sum for this structure becomes normal to the growth substrate.1 
This basic mechanism for vectorial addition of nanotube growth direction provides a 
1
 The morphologies for vertically grown arrays of carbon nanotubes often differ widely for different 
constituent types of nanotubes, especially between MWNT based carpets arid SWNT based carpets. Some 
of these differences in structure, particularly the decreased or non-existent tube wandering in large diameter 
MWNT carpets indicates fundamental differences in the growth modes which is presumed to lead to some 
of the basic differences in behaviour observed for different sorts of carpets12'13 on the difference between 
SWNT & MWNT vertically aligned arrays 
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clear understanding of why vertically aligned growth gets started in the first place, but it 
is not the whole story in the growth of a nanotube carpet. If this mechanism simply 
continued by the lock step growth of each nanotube as it exists in the bundle and the 
collisional coalescence of nanotubes into bundles and bundles into larger bundles then we 
would expect island like growths of superbundles, spread out at the bottom and joined at 
the top rather than the relatively homogeneous structure which grows straight up from the 
surface of the substrate.1 
In contrast to this expectation, it is experimentally observed the carpet density is 
approximately constant and the bundle size in SWNT carpets appears under SEM 
observation to be approximately constant from the top of the carpet to near the bottom of 
the carpet; rather than an ever greater monolithic superbundle being formed. Also, 
nanotubes are often observed to "wander" between bundles; that is, nanotubes sometimes 
leave one bundle and cross over to join a neighboring bundle as shown in Figure 2.2. 
1
 This type of growth mode is observed12 for certain BN nanotube growth methods on substrate 
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Figure 2.2: SEM images of two different caprets illustrative of SWNT. A) Shows a 
relatively high degree of wander within a carpet. B) Shows a relatively low degree of 
wander. 
It is hypothesized that this wandering occurs due to a mismatch in growth rates between 
the various types of nanotubes in the carpet. The rate of the growth of the bundles is 
determined by the slower nanotubes, and the bundling prevents does not allow the 
nanotubes to slide past each other as they grow; however, some nanotubes may grow 
faster than others due to factors such as nanotube diameter or chirality. This leads to the 
growth of some nanotubes being faster than the growth of the bundle and this causes a 
mechanical compression of these nanotubes, which causes them to bend to relieve strain 
until they come into contact with another bundle and join it. This processes happens 
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continually throughout the growth of the carpet. This explains the observed tube 
wandering and provides a mechanism for the various bundles to be mutually supported 
without coalescing - thus allowing carpets to grow in the morphology which we observe. 
This effect may lead to significant mechanical strain within the carpets. 
Figure 2.3: Depiction of vertically aligned SWNT carpet growth. A) When all SWNT 
grow at the same rate bundling leads to roughly uniform vertical growth. B) As the 
growth rates of individual SWNT are unmatched to that of the bundle this causes a 
mechanical compression and bowing of these faster growing SWNT causing these 
SWNT to wander from bundle to bundle. 
If all the tubes in a bundle are under differential mechanical stresses then this will lead to 
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bowing of the entire bundle. This is often seen in compressed carpets [cf. Chapter 4] and 
occasionally seen for as-grown carpets.15'16 
One other key point which must be touched on concerning the morphological structure of 
SWNT carpets is the "tangled mat" structure which forms the top of SWNT carpets. The 
tangled mat structure is characterized by increased interconnectivity between neighboring 
regions and decreased overall vertical orientation. This layer is apparently caused by 
differential nucleation & growth rate in the initial stage of carpet formation and growth. 
Some tubes nucleate first and/or grow more rapidly than others, overshooting the 
isotropic bundling which promotes vertical alignment in their initial growth. Ultimately 
the lower portions of these nanotubes will be coalesced into the vertical bundles, but the 
portion of the growth prior to this (typically less than 500 nm) remains above the body of 
the carpet lying across the top which serves to form a mechanical connection between 
separated spatial regions of the carpet and creates a layer which is more mechanically 
rigid in the plane of the carpet surface. 
£ 
• a 
Figure 2.4: Edge view and close-up SEM images of a SWNT carpet on a substrate with a 
clearly visible tangled mat formed at the top. 
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It is surmised that this entangled mat layer is responsible for many of the observed 
mechanical properties of the carpets particularly including fracture mechanics, [cf. 
Chapter 5] The entangled mat appears to be more mechanically rigid and tough than the 
rest of the carpet. It may therefore be the tangled mat which prevents the spinning effect 
which has beenobserved for some multiwalled carpets.17 That is, when a carpet is pulled 
apart transverse to the aligned nanotubes, the nanotubes will tend to be pulled into the 
direction of strain. If all portions of the carpet are equally strongly connected and 
susceptible to yielding then the carpet can be significantly elongated by this stress. 
However, if the entangled mat at the top of the carpet dominates the lateral mechanical 
strength of these carpet structures then fracture mechanics will tend to terminate in the 
entangled mat resulting in brittle failure of this layer and halting the elongation 
("spinning") process analogous to the fracture mechanics of a "post-it" note pad. 
Figure 2.5: SEM images of collapsed structure morphologies produced by freeze-drying. 
The contrast between the top of the carpet on the right and bottom of the carpet on the left 
is clearly observable demonstrating the mechanical effects of the tangled mat. 
2-3: Carpet Growth Examples 
Growth of SWNT carpets was first demonstrated by Maruyama et.al.1 These carpets 
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were grown using a low-pressure ethanol feedstock on smooth quartz substrates from 
catalyst deposited by dip-coating in cobalt-molybdenum metal salt solutions. Carpets 
grown by this method are typically relatively short (-5-50 um) and show an extremely 
hydrophobic character.18'19 
Various other labs quickly reproduced20'21 these results and demonstrated modifications 
to the recipe showing that carpets with a broad spectrum of basic characteristics can be 
synthesized via different techniques - different heights, internal morphology, wettability, 
apparent alignment, and SWNT diameter distribution can be grown while still forming a 
carpet. All SWNT carpets made to date have been grown on inert ceramic substrates 
with alumina and quartz being the most commonly used. Catalyst is typically deposited 
either by low pressure film deposition (metal evaporation21 or sputtering22) or by 
deposition of metal salts from solution followed by calcination and reduction steps.1 
Some groups have also achieved some (limited) success growing carpets from premade 
catalyst nanoparticles deposited from solution; this method has the distinct advantage of 
being able to create carpets with a controlled diameter distribution based on the diameter 
distribution of the nanoparticles used. SWNT carpets have been grown using a variety of 
CVD conditions and precursors. Work by Hata et al. in particular have demonstrated 
the importance of a mild etchant species, especially water, to create very tall carpets. The 
carpets created by the various growth techniques show a wide variety of intrinsic 
properties. While the carpets grown by Maruyama's recipe are typically short (<50 um), 
relatively small diameter (~l-3 nm) and hydrophobic;18 carpets grown by Hata's recipe 
are typically long (up to 2.5 mm), larger diameter and show relatively high wettability.2 
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Research led by Dr. Hauge at Rice University has demonstrated that high quality SWNT 
carpets can be grown through low pressure CVD from acetylene with a hot filament 
atomic hydrogen activation of the catalyst nanoparticles.21 These carpets have shown a 
wide range of available properties dependent on growth conditions. These carpets can be 
grown up to 2mm, and show densities16 that are between 5-20% of maximal close packed 
density.1 SEM observations of these nanotubes suggest bundles sizes averaging 
between 5-25 run. 
2-4: Carpet Properties 
One of the most important characteristics of nanotube carpets is their vertical alignment. 
The 'alignment' of nanotube carpet structures is a complex quantity to accurately describe 
or quantify. To clarify, two relevant quantities may be defined: (1) global alignment, (2) 
local alignment. Global alignment refers average alignment of the "global" direction 
vectors of a set of nanotubes whereas "local" alignment refers to the average alignment of 
the "local" direction vectors of a set of nanotubes. The global direction vector is defined 
and single valued for every nanotube as the direction vector created between the two ends 
of a nanotube. For a carpet this can be conceptually measured by taking the two ends of 
the nanotubes in the carpet (one at the top of the carpet and the other at the catalyst on the 
bottom of the carpet) and measuring the angle made by the straight line connecting these 
points; the standard deviation of these angles can be taken as a measure of this global 
alignment. In contrast, the local direction vector refers to the direction of the line tangent 
to the length axis of the nanotube for every point along the nanotube. Note that each 
1
 Mass density is observed to depend upon growth conditions. Densities for carbon nanotube materials vary 
with nanotube diameter; e.g. close packed lnm diameter nanotubes have a mass density of 1.5 g/cc.32 
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nanotube can individually have a spectrum of local direction vectors along its length and 
that the integral of these vectors along the length of the nanotube is equal to the global 
direction vector of the nanotube. The standard deviation of the local direction vectors of 
a group of nanotubes can be taken as a measure of the local alignment. 
The global alignment of carbon nanotube carpets is widely assumed to be very high 
(99+% aligned). SEM observations seem to indicate that nanotubes in carpets grow 
globally upwards away from the growth substrate. Though the top and bottom of the 
nanotube may wander tens or hundreds of nanometers with a bundle from top to bottom; 
this is relatively negligible compared to the tens or hundreds of microns in length for 
most nanotube carpets. This is in keeping with the growth model of wandering inter-
bundle nanotubes supporting the carpet structure described earlier. 
The local alignment of carbon nanotube carpets is almost certainly significantly lower 
than the global alignment. SEM, Raman25 and optical absorption26 data all clearly 
indicate misalignment of the nanotubes versus the vertical growth direction beyond the 
minor global misalignment. In SEM, "wandering" of nanotubes between at bundles 
deviating from the vertical direction by 45° or more are seen throughout the carpet 
structure. Bundles are also often observed to take on sinusoidal morphologies rather than 
straight vertical paths. Optical absorption observations on alcohol CVD grown carpets 
have shown an average deviation angle of ~24°. 
Many of the most technologically interesting properties of nanotube carpets depend upon 
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the surface area and are therefore a function of the degree of bundling of carbon 
nanotubes within the carpet. Despite this, relatively little work has been done to quantify 
the bundling of SWNT in carpets. Carpets grown by alcohol CVD from metal salt 
deposited catalyst on quartz have been examined by TEM observation made vertically 
through the carpet demonstrating median bundles sizes of 6 SWNT.27 However, carpets 
grown by other methods, including HFCVD, which show significantly different 
properties versus alcohol CVD carpets have not been fully characterized by methods 
capable of definitively quantifying the degree of bundling within the carpet. While not 
quantitatively definitive, SEM observation of HFCVD carpets show apparent bundle 
sizes on the order of 5-25 nm. 
Figure 2.6: Edge view SEM images of two HFCVD carpets grown at different 
temperatures. Apparent bundle sizes on the order of 25 nm can be seen. It is notable that 
the wandering morphoology of the carpets varies as a function of temperature. - adapted 
from work by C. Pint16 
The quality of the nanotubes grown in carpets by the HFCVD method compare favorably 
with other SWNT such as those produced by HiPCO.28 It should be noted that carpet 
grown nanotubes require no further purification, whereas SWNT produced by other 
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common methods such as HiPCO and CoMoCat require extensive purification 
procedures to separate the nanotubes from unwanted byproducts of the synthesis.29 
Contiguity of the nanotubes through the carpet is a feature typically subsumed for carpet 
growth. However, despite the widespread nature of the assumption, this questions 
remains open as no convincing evidence for this trait has been provided. Furthermore, a 
number of observations have been made which may be most simply be explained by 
assuming that nanotubes can stop growing and new nanotubes start growing within a 
single carpet growth. 
When SWNT carpets are transferred from their growth substrates by "flipover" 
techniques [cf. Chapter 4] short layers of SWNT "stubble" are often left behind sticking 
up from the growth substrate. This stubble is much shorter than the height of the carpet, 
typically only (.5-4 urn) and non-uniform. This observation leads to either of two 
obvious explanations: (1) SWNT are broken apart during the transfer process allowing 
part to transfer while part remains adhered to the growth substrate. (2) SWNT carpets 
grow by a continual process in which growing SWNT cease growing and new SWNT 
sprout to replace them.1 
Carbon nanotube carpets are observed to exhibit a wide range of wetting properties. 
SWNT carpets grown by alcohol CVD from dip-coated metal salt catalysts are typically 
hydrophobic.18 In stark contrast, carpets grown using the Hata "supergrowth" method20 
1
 It cannot be a simple matter of cessation or new growth because the material density of the carpet is not 
observed to change greatly over the height of the carpet grown by HFCVD 
32 
and HFCVD methods typically show relatively good wetting by water and other solvents 
[cf. Chapter 5]. While these disparate behaviours have been clearly observed, the origin 
of these differences is as yet unclear. 
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Chapter 3: Controlled Etching for Nanoparticle Size 
Manipulation 
3-1: Introduction 
A considerable body of previous work has demonstrated a strong correlation between the 
diameter of a nanotube to the diameter of the catalyst nanoparticle it grows from.1'2'3 
This provides considerable motivation toward controlling the diameter distribution of 
these particles as a means to control the as synthesized carbon nanotubes. 
Ultra-small catalyst nanoparticles for SWNT growth are commonly created by a variety 
of in-situ methods including: thermal and e-beam vacuum evaporation, sputtering, and 
metal salt solution coating with particle reduction. Unfortunately, these methods have 
typically generated relatively large distributions of particles4'5 and proven ill-suited to 
synthesizing narrow diameter distributions of nanotubes6'7 particularly in the high surface 
densities required for carpet growth applications.8'9 
Alternatively, wet-phase chemical self-assembly processes such as: organometallic 
decomposition in ligand bearing solutions10'11 and inverse micelle metal 
sequestrations12'13 have proven capable of generating highly monodisperse nanoparticles 
of various compositions. Though small nanoparticles are possible via these methods, the 
diameter distribution of these particles typically increases rapidly and the reproducibility 
diminished as the particle diameters shrink below about 5nm. 
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To date none of these methods has offered a viable path to the creation of ultra-small 
diameter (.5-1.5nm), monodisperse catalyst nanoparticles suitable for diameter controlled 
carbon nanotube synthesis. 
We have explored controlled etching of premade nanoparticles as a facile route produce 
monodisperse catalyst particles below 5nm. By directly reducing the size of larger 
nanoparticles in a controlled fashion, this technique offers the possibility of exploiting the 
monodispersity obtainable for larger catalyst nanoparticles to produce smaller 
nanoparticles of similar monodispersity. 
3-2: Nanoparticle Etching 
General steady state isotropic dissolution of a solid can be expressed by the equation: 
m = Undissolved mass 
A = surface area in contact with solution 
J .= the etching rate (a scalar constant) 
For a spherical particle, the isotropic dissolution of spherical particles is described by the 
Hixson-Crowell cube root law14: 
m = mass of nanoparticle (as a function of time) 
mo = initial mass of nanoparticle 
r0 = initial radius of nanoparticle 
Since the mass of the particle is m = pV (p = density V = volume) where V = (4/3);rr3 
for a spherical particle. We can rewrite this for convenience as: 
dm 
dt 
.= -JA 
m 
mn 
Jt 
Ph) 
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So that in final form the nanoparticle radius is a linear-negative function of time: 
J_ 
P 
This etch rate dr/dt is constant in time and independent of the size of the particle. This 
result implies that the diameter of spherical particles will shrink at a constant rate and that 
the distribution (spread) of a sample of spherical particles which are isotropically etched 
at a constant rate will remain constant over time. That is, the mean value will shift at a 
constant rate and sigma value will remain constant.1 
One point which must be addressed is that of the possibility of surface energy 
contributions to nanoparticle etching. For traditionally considered cases (particles with 
r>500 nm) the surface energy is small compared to the volumetric energy of the particle 
and this ratio does not contribute significantly to the etching rate of the particle. For very 
small nanoparticles, this ratio is no longer small and it is not obvious that this 
contribution can be neglected. In order to avoid effects stemming from this origin, the 
nanoparticles are first deposited onto a surface which strongly interacts with the 
nanoparticle in order to lower the nanoparticles total surface energy. In the case of iron 
oxide, refractory oxides such as silica and alumina have suitable chemical interactions as 
1
 The numerical constancy of the distribution (sigma) implies that the percent distribution (sigma/mean) 
spread will increase linearly with time. 
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evidenced by their propensity to form mixed iron-silicate/aluminate oxide compositions.1 
For strongly interacting systems, the surface energy of the system remains approximately 
constant during etching and nanoparticulate surface energy effects can be avoided.11 
Iron has been well studied as a catalytic species and is widely used as a catalyst species 
for growing carbon nanotubes and techniques for iron. Previous studies on bulk etching 
of iron oxide films by dilute (1M) solutions of HC1 has observed etching rates on the 
order of lnm/min.15 This provides the basis for an etching process which can be 
controllably and reproducibly achieved in a laboratory setting. 
3-3: Results & Discussion 
Premade iron oxide nanoparticles deposited on substrates were etched in a dilute ethanol-
aqueous hydrochloric acid solution. Reduction of iron oxide particle height as a function 
of etching time is clearly observed. Overall particle height histograms and AFM images 
for each stage of the treatment are displayed in Figures 3.1 - 3.7. 
1
 It is speculated that such iron oxide -silicate/aluminate formation may inhibit the catalytic activity of the 
nanoparticle, but the ability to form such a species is likely to indicate good bond forming properties 
" Substrate binding of nanoparticles also provides a simple and reliable method to control the etching time 
and conditions. 
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Figure 3.1: Iron oxide nanoparticles as deposited from hexane solution with oleic acid 
ligands still attached 
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Figure 3.2: Iron oxide nanoparticles after calcination to remove ligands and create a 
pristine oxide surface 
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Figure 3.4: Iron oxide nanoparticles after a 3 minute etch - 3 minute 10 seconds total 
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Figure 3.5: Iron oxide nanoparticles after a second 3 minute etch - 6 minute 10 seconds 
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Figure 3.6: Iron oxide nanoparticles after a third 3 minute etch - 9 minute 10 seconds 
total etch time 
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Figure 3.7: Iron oxide nanoparticles after a fourth 3 minute etch -13 minute 10 seconds 
total etch time 
These data indicate that iron oxide particles are etched slowly (average etching rate on 
the order of 1/6 nm per minute), providing a useful basis for a particle size reduction 
procedure. However, it is notable that the measured rate of height reduction is not linear, 
as a steady state dissolution model would predict, nor does it show any pronounced skew 
development consistent with a size dependent etching rate. 
The trend can be clearly seen when smoothed histograms are plotted on the same scale as 
in Figure 3.8. Plotting the mean particle height as a function of time as shown in Figure 
3.9, it is clear that this process exhibits an apparent incubation period during which the 
particle height remains approximately constant followed by a period of rapid decrease in 
particle height. 
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Figure 3.9: Mean nanoparticle measured height as a function of etching time 
Analysis of this phenomena suffers as the particle heights become comparable to the 
roughness of the substrate. The particles are easily distinguished from the background 
initially; however, the substrate background provides significant noise around 1.5 nm so 
that for prolonged etching mean particle height approaches this size and the nanoparticles 
become increasingly difficult to distinguish from the substrate. This causes an increase in 
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the apparent particle density as seen in Figure 3.10 which obscures the actual 
nanoparticle statistics for small particle sizes. 
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Figure 3.10: Nanoparticle surface density as a function of etching time 
This apparent incubation behaviour is postulated to stem from to the chemistry of the 
etching process. Since iron oxide etching by acids is fundamentally a process of Fen+ ion 
hydration, it is conceivable that this etching process proceeds by the formation of 
intermediate partially hydrated or hydroxide species at the etching interface.1 Both 
hydrated iron oxide and iron hydroxide species are known to to occupy more volume per 
iron atom than comparable anhydrous iron oxide species." Such a process would lead to 
a reduced density surface layer causing the nanoparticle to swell concurrent to the 
dissolution of iron from the nanoparticle. This would lead to an apparent incubation 
period until the rate of the formation of surface intermediates became matched to the rate 
I
 This hypothesized chemistry is similar to the chemistry of rust formation, known to produce several 
hydrated oxide species. 
II
 The molar density of iron varies significantly between anhydrous iron oxides versus hydrated iron oxides 
and hydroxides. For instance the conversion of ferrous iron oxide to hydrate/hydroxide form 
{FeO—•Fe(OH)2, Fe(OH)3, FeOOH} differ in iron molar density by 53% on average while ferric iron oxide 
differs in iron molar density by 31 % from its hydrated form. 
of dissolution from the particle. The apparent height of the nanoparticle is 
simultaneously be determined by two opposed mechanisms; however, the radius of the 
equivalent nanoparticle as a function of time is solely a function of the rate of iron 
removal and is more nearly linear. Alternatively, the etching reaction itself may undergo 
an incubation period. The lack of a corresponding incubation period in the nanoparticle 
surface density argues against an incubation period for the etching reaction itself but 
further experimentation will be required to confirm either mechanism conclusively. 
If the apparent incubation behaviour observed is due to particle density changes 
obscuring the actual iron removal rate, then this process will be useful without 
modification for direct application in nanoparticle size reduction. Further measurements 
will only be required to more specifically assign the etching rate for precise control. On 
the other hand if this reaction does exhibit an actual incubation period this will interfere 
with the linearity of nanoparticle etching and more complex protocols will be required to 
control the particle distribution produced by acid etching procedures. However, even in 
this scenario the fastest etching rate does not exceed ~lnm/min and this is still promising 
for controlled diameter reduction processing. 
SWNT growth was observed by Raman spectroscopy from etched particles on alumina 
surfaces subjected to HFCVD growth conditions.1 Raman data showed a very low signal 
to noise ratio for all samples. A weak G-peak was distinguishable for every sample over 
1
 Carbon nanotube growth from premade iron nanoparticles made by the method used in this study have 
previously been shown to be active catalyst for nanotube growth under HFCVD conditions in previous 
studies.3 HFCVD type growth conditions have been demonstrated to be capable of growing a wide 
diameter distribution of carbon nanotubes,9 allowing the distribution of catalyst nanoparticles to govern the 
diameters of nanotubes synthesized. 
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the substrate background, however no other peaks characteristic of carbon nanotubes 
could be observed. In particular, no radial breathing modes typically used to identify 
specific SWNT chirality could be observed, thus preventing Raman based 
characterization of etching effects on SWNT diameter selection. Presumably, the surface 
density of carbon nanotubes is too low to produce sufficient Raman signal for in-depth 
characterization. 
3-4: Further Work & Directions 
Full utilization of this method will require further understanding of its intrinsic 
mechanisms and quantitative iron etching rate data. 
X-ray photoelectron spectroscopy (XPS) and energy-dispersive x-ray spectroscopy (EDX) 
are well suited to confirm whether the apparent incubation behaviour observed is due to 
the formation of a surface layer of hydrated oxide or hydroxide. By comparing the 
spectra of a calcined film to several acid treated films the postulated formation of a 
surface layer can be observed directly. 
Quantitative determination of the iron etching rate can be obtained by either of two 
methods: 
An etching study based on larger particles (~50-100nm) will be less affected by 
the formation of a thin surface layer and be easier to distinguish from the substrate 
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background over longer etching times. This will allow clearer observation of the 
steady state etching rate for this chemistry. 
Alternatively, an etching series study in which the chips are calcined to a fully 
oxidized state after each step will enable a systematic study of the rate of iron 
removal for exact control of the etching process. 
3-5: Conclusions 
This technique has shown significant promise for controlled size reduction of catalyst 
nanoparticles for controlled diameter carbon nanotube growth. This is of particular 
interest for HFCVD SWNT carpet growth where the mean diameter is thought to be ~3 
nm. Use of a controlled etching step offers the possibility of providing a direct route to 
produce SWNT carpets with diameters comparable to other synthesis methods. Further 
work will be required to quantitatively identify the exact mechanism and timeline of the 
etching process to establish control over the exact nanoparticle distribution produced. 
3-6: Experimental 
Nanoparticle Preparation: Iron oxide nanoparticles were prepared through thermal 
decomposition of organometallic precursors in non-coordinating, high boiling poing 
solvents in the presence of long chain hydrocarbon ligands.3,10'11 In this case, Fe(acac)3 
was heated to reflux in hexdacanediol, oleic acid, oleylamine and benzyl ether to form 
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iron oxide (FesCU) nanoparticles encapsulated in an oleic acid surfacting ligand layer. 
These particles were purified and suspended in hexanes. 
Substrates: These nanoparticles were deposited on two different types of substrates: (1) 
ultra-smooth spin-on-glass (SOG) substrates for AFM observations of the nanoparticles; 
(2) alumina substrates suitable for high efficiency growth of SWNT.16 Spin on glass 
substrates were prepared by spincoating Accuglass T i l l onto silicon wafer substrates 
and curing in air at 700 for 3 hours. 
AFM observation requires a substrate which is: (1) smooth enough to clearly distinguish 
the catalyst nanoparticles from the substrate itself, (2) provides suitably strong bonding 
between the substrate and catalyst nanoparticles. Spin-on-glass coatings on silicon 
wafers provide highly smooth silicon oxide surfaces1 suitable for the observation of 
catalyst nanoparticles with the requisite substrate bonding characteristics." 
Nanotube growth & characterization - Silicon wafers coated with alumina through e-
beam evaporation were used to determine if catalyst nanoparticles treated by this method 
retain catalytic activity to grow nanotubes under CVD conditions. 
1
 Though SOG substrates local surface roughness is significantly smaller than the diameter of the initially 
prepared nanoparticles (~5nm); these substrates contain holes sunken into the surface and long surface 
distance "waviness" which interfere with the measurement of nanoparticle characteristics by direct absolute 
surface height evaluation. Rather, particles can be easily distinguished from their local background and 
must be analyzed by software capable of local analysis. 
" Most traditional substrates (thermal oxide on silicon, evaporated alumina on Si, & single crystal polished 
quartz or alumina) are found to be too rough to easily distinguish catalyst particles of this size from the 
inherent background roughness of the substrate. Other AFM substrates such as mica provide an extremely 
smooth surface; but do not provide the type of bonding typical of nanotube growth substrates. 
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Particle Deposition: Particles were spincoated onto substrate surfaces from a dilute 
solution of nanoparticles in hexanes to a surface density of (65 ± 5 nanoparticles/u2) as 
measured by AFM analysis. All samples were produced by spincoating 40 uL of 
nanoparticle solution onto the center a chip rotating @ 3850 rpm. The initial 
concentration of the nanoparticle solution was unknown but the consistency of conditions 
allows for a self-consistent analysis of the nanoparticles produced. This concentration of 
nanoparticles on the substrate ensured that very few nanoparticles touched while allowing 
sufficient nanoparticles to obtain accurate statistics from AFM analysis. Particles were 
then calcined at 375°C for 30 min in air to remove the organic ligands from the surface of 
the nanoparticles (by oxidation). These nanoparticles are easily distinguished from the 
SOG background and display an approximately Gaussian distribution both with ligands 
attached and after calcination. 
Etching Procedures: A dilute HC1 etching solution was prepared equal volumes of 
aqueous HC1 (1 M: Fischer Scientific) and ethanol (200 Proof: Aaper Alcohol).' 
Samples were placed into a 50 ml bath of etchant solution (unstirred) for a predetermined 
time, removed and quickly placed into a 50 ml bath of nanopure water to quench the 
nanoparticle etching and remove any residual HC1. 
AFM Series: To measure the particle heights a single chip was coated in nanoparticles, 
calcined and etched; AFM measurements were taken near the center of the chip between 
' Preliminary tests performed using 1M aqueous HC1 solutions, were found to suffer inhomogeneities due 
to de-wetting and surface tension effects which obscured the dynamics of the etching itself. 
Ethanol:Aqueous HC1 solutions were selected both to reduce the etching rate of the solution and to reduce 
the effects of surface tension. 
49 
each step. The substrate was first etched for 10 seconds to establish a baseline; then for 
three more intervals of 3 minutes each (to give total etching times of 3ml0s, 6ml0s, 
9ml0s) and lastly by a 4 minimal etch. This series provided a time series measurement 
of average nanoparticle heights after known etching conditions. 
AFM data of nanoparticles on SOG surfaces were characterized by Simagis Nanotube 
Length Analysis software. Automatic particle identification was used in each case to 
avoid skewing the data based on user bias. Holes in the substrate surface and large (>20 
nm) "debris" which accumulated over the course of the etching steps were manually 
removed from the analysis. The size of nanoparticles on the substrate were inferred from 
height characterizations taken from AFM measurements. Multiple AFM scans were 
taken and analyzed for each treatment stage with total usable scan areas between 18-54 u2. 
SWNT Growth Series: Using the same deposition procedures described above, iron oxide 
nanoparticles were spin-coated onto five substrates were prepared by e-beam depositing 
lOnm aluminum oxide on silicon chips. These samples were each etched using the above 
described protocol to create a time series of etched samples: 10 seconds, 4 minutes, 8 
minutes, 12 minutes, 16 minutes. Each sample was then subjected to HFCVD SWNT 
growth conditions9 to grow carbon nanotubes for characterization. These samples were 
characterized by Raman spectroscopy. 
Appendix: Statistical Analyses of Nanoparticle Height Data 
Mean (nm) 
Standard Error 
Median 
Standard Deviation 
Sample Variance 
Kurtosis 
Skewness 
Range 
Count 
Surface Density (particles/p.) 
As Created 
4.1011 
0.0239 
4.1190 
1.3973 
1.9524 
0.1569 
-0.0317 
9.3220 
3414 
66.94 
Calcined 
3.2652 
0.0409 
3.2456 
L3985 
1.9558 
0.4149 
0.3194 
9.5716 
1169 
64.94 
Mean (nm) 
Standard Error 
Median 
Standard Deviation 
Sample Variance 
Kurtosis 
Skewness 
Range 
Count 
Surface Density (particles/u2) 
10 sec 
3.6597 
0.0310 
3.6041 
1.3228 
1.7497 
0.4864 
0.2190 
8.5086 
1815 
67.22 
3 min 
3.6738 
0.0278 
3.5439 
1.6012 
2.5639 
0.6913 
0.5518 
9.9837 
3314 
61.37 
6 min 
3.5142 
0.0486 
3.3078 
1.7085 
2.9191 
0.7890 
0.6341 
9.9452 
1237 
52.17 
9 min 
1.9866 
0.0316 
1.7.143 
1.1986 
1.4366 
9.6987 
2.4120 
9.8873 
1442 
53.41 
13 min 
1.8609 
0.0176 
1.6997 
1.0224 
1.0452 
7.8367 
1.7825 
9.7827 
3386 
125.41 
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4: Carpet Transfer 
4-1: Introduction 
The unusual opportunities offered by carbon nanotube carpet growth have led to 
proposals for implementation of these structures for a wide range of uses including vias,1 
sensors,2 transistors,3 "gecko" adhesives,4 "bed-of-nails" continued growth substrates,5 
field emission cathodes6 and high surface area electrodes and capacitors.7 
All of these applications require that the carbon nanotube carpet be well attached to a 
substrate, and most of them require that the substrate form a conductive contact to the 
nanotube carpet. In this the carpet growth mechanism is inherently limited: carbon 
nanotubes are generally observed to be rather weakly attached to their growth substrate. ' 
Ajayan et al. have demonstrated a bump soldering transfer technique enabling MWNT 
carpets to be removed from their growth substrate and strongly attached to a conductive 
substrate.10 However, no method was previously reported in the literature for similarly 
transferring SWNT carpets.1 
The first clues to the problem of SWNT carpet transfer were recognized in the very fact 
that they were so weakly bound to their growth substrate, minor mishandling with 
tweezers would pull chunks of carpet off. It was soon observed that a controlled 
debonding could be obtained using simple adhesive tape which would leave the vertically 
aligned structure of the carbon nanotubes intact. These transfers using scotch tape & 
carbon tape demonstrated the ease of debonding the carpet from its growth substrate but 
1
 Preliminary trials of SWNT carpet transfers based on solders proved ineffective. 
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do not themselves provide a suitably strong or conductive substrate to implement the 
many applications suggested for carbon nanotube carpets. The success of adhesive tape 
based transfers suggested that other adhesive materials might work as well." 
4-2: Transfer Methods 
The first intended application to motivate SWNT carpet transfers was to create "bed-of-
nails" substrates for the continued growth process.12 This requires primarily that the 
transfer process firmly attached the carpet to a substrate which was inert and would 
withstand the high temperature environment associated with the CVD growth of carbon 
nanotubes. High temperature ceramic adhesives were tested and shown to be effective. 
It is postulated that the ceramic cement adheres to the high surface interface provided by 
the entangled mat layer at the top of the carpet and thereby creates a stable physical bond 
between the ceramic and the nanotube carpet. Moreover, while the ceramic adhesive 
flipover method provides a transfer method suitable for the creation of continued growth 
substrates and for general high temperature conditions, this method does not create a 
sufficiently conductive contact for many of the electrical applications proposed for these 
structures. 
" Another transfer process based on surface tension driven debonding & deposition in water was previously 
demonstrated11 however The technique herein reported has significant advantages over these previously 
reported methods in range of usefulness and ease of implementation. The exposed surface created by a flip-
over technique consists of the bottom of the as grown VA-SWNT film; this consists of vertical, well-
aligned bundles of uniform density. Also, the transfer of the film onto conductive surfaces allows the 
integration of VA-SWNT film into electronic devices such as field emission devices, supercapacitors, and 
fuel cells. 
54 
Figure 4.1: SEM image of a carpet transferred by the ceramic cement method 
In order to create a more conductive contact to the SWNT carpet, the lessons gleaned 
from previous adhesive transfer methods using tapes and ceramic cements were adapted 
to develop a transfer method onto metallic substrates. 
By sputtering a metal or conductive ceramic layer onto the top of a SWNT carpet, a 
stable physically bound film can be formed on the entangled mat layer similar to the 
physically bound layer produced by the ceramic cement bonding. An SEM image of a 
sputtered gold layer on top of a carpet is shown in figure 4.2. This provides a means to 
transfer carbon nanotube carpets with substrate contacts that are both mechanically strong 
and conductive. 
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Figure 4.2: SEM image of the top of a carpet sputter-coated with 75nm gold. The carpet 
was partially masked during sputtering and the upper right hand corner shows the 
difference between coated and uncoated carpet regions. 
This sputtered adhesion layer is joined to a metallic substrate via a sintering process. A 
gold film is sputter-deposited both on a metallic substrate and onto the SWNT carpet or 
on top of another bonding film already deposited on the carpet, these two surfaces are 
brought into contact under light pressure (~2 lbs/cm2) and heated to sinter the gold films 
together. Gold is used due to its inert metallic chemistry, malleable nature and low 
sintering temperature. Other adhesion methods were tested including soldering and 
colloidal silver paint; however, neither method showed any success for carpet transfer. 
Colloidal silver paints do not show strong enough adhesion to the carpet surface. 
Soldering causes the metal film to dewet from the nanotube carpet as it melts. Similarly, 
if the carpets are overheated during a sintering procedure, the metal film tends to melt 
and dewets from the nanotube carpet. 
mSMz& 
Figure 4.3: Edge view SEM of a SWNT carpet which has been transferred to a copper 
puck. 
Figure 4.4: Edge view SEM images of SWNT carpets. The as-grown image on the left 
shows a vertical, undistorted morphology. The metal film transferred carpet shown on 
the right displays a distinctive wavy morphology induced by compressive stress. 
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4-3: Experimental Methods 
Ceramic Transfers 
Ceramic cement (Omega CC High Temperature cement) is mixed with liquid binder and 
spread uniformly on a silicon wafer. A SWNT carpet is placed in firm contact with the 
cement and the assembly is cured for 24 hours at room temperature or 4 hours at 65 °C. 
After curing, mechanical tension is applied between the two substrates which detaches 
the carpet from the growth substrate and leaves it adhered to the cemented transfer 
substrate. Thus, an optically flat surface of exposed carbon nanotube bundle tips is 
created which is mechanically strong and resilient against high-temperature exposures. 
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As illustrated in figures 4.3,4.4 & 4.6, the SWNT carpet has been flipped over, exposing 
an optically flat surface of very well-aligned, clean bundles in a low density "bed-of-
nails" configuration. The entire length of the carpet is transferred over due to the high 
tensile strength of the nanotubes. Gold particles embedded in cement during mixing can 
be used to confer conductivity through the transfer base sufficient to eliminate charging 
under SEM observation. 
C /Gold particle 
\£^MMMM^r-Cermk Cement 
Figure 4.6: Diagram of ceramic flipover transfer process 
Metallic Substrate Transfers 
Metallic substrate type transfers have been implemented in several different adaptations. 
The first developed was realized using solely a gold film deposited onto the SWNT 
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carpet and onto the top of an SiO (thermal) on Si substrate according to the following 
recipe: 
A 70-nm-thick gold layer is deposited by sputter coating (or e-beam evaporation) onto 
both a Si wafer and onto a VA-SWNT film. The gold-coated VA-SWNT film is pressed 
against the gold-coated Si wafer and baked in Ar at 800 °C for 5 min to fuse the two gold 
films. Compressive force is applied to the joined substrates (~2 - 55 lb/cmr); this tends to 
produce a bending of the nanotubes in the carpet which is partially retained as a the 
sinusoidal bending morphology often observed in carpets after transfer (see figure 4.4). 
This bending creates a shearing force between the nanotube and the substrates at the 
contacts. The attachment of the carpet to the transfer substrate is thought to have a higher 
resistance to shear forces due to the physical embedding of the gold film in the entangled 
mat surface and that this leads to the observed preferential debonding of the carpet from 
the growth substrate and adherence to the transfer substrate. After sintering, the Si wafer 
and growth substrate are pried apart (a razor blade is wedged between the two substrates 
and used as a lever to force them apart) leaving the SWNT carpet transferred intact to the 
transfer substrate. Through this means, we were able to flip over the entire surface of the 
as-grown film) to the conductive surface reproducibly without disrupting the morphology 
of the as-grown film as shown in figure 4.7. 
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Figure 4.7: Diagram of metal flipover transfer process 
This procedure proved particularly sensitive to the exact treatment conditions (especially 
heating time and temperature) and often led to failed or incomplete carpet transfers due to 
dewetting of the metal film from either the SWNT carpet or the Si substrate more 
extreme heat treatment conditions under or to the incomplete bonding of the two gold 
films together under milder conditions. It was found that by first coating (sputtering) a 
thin (l-10nm) layer of platinum onto the Si substrate that the Si substrate could be 
subjected to significantly higher temperature and longer heat treatments without the gold 
film debonding from the Si substrate. It is surmised that the platinum acts as a stabilizing 
layer which prevents the partial melting and migration of the gold at. this interface due to 
its higher melting temperature. 
Further work on developing applications for these structures motivated the development 
of a transfer process to more conductive metallic substrates, especially metallic substrates 
which could be contacted through the side of the substrate opposite the carpet. Flat 
copper square 'chips' (lOmmxlOmmx 1.6mm) were developed as a suitable substrate 
material. Such chips are produced by machining copper sheet into squares and these 
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chips are polished111 just prior to flipover to remove surface contaminants (such as grease 
from the machining) and surface oxidation. A lOOnm gold film is then deposited onto the 
copper chip and carpet and the gold coated carpet placed in contact with the coated 
copper chip. Compressive force is applied between the chips using a small binder clip 
(Acco - % in) and the assembly is inserted into a tube furnace. The furnace pressure is 
first reduced to <100 mTorr; and then 50 seem of argon flowed through the cell bringing 
the total system pressure up to ~5 Torr and the assembly heated to 810 °C for 40 min 
under inert atmospherelv. The assembly is removed from the hot zone and cooled under 
inert atmosphere. As before the two substrates are pried apart, leaving the SWNT carpet 
intact on the copper substrate/ 
Figure 4.8: Photograph of a 60 um tall SWNT carpet transferred to a lcmxlcm copper 
substrate. 
™ Copper chips were polished according to standard metallurgicalpractice to a maximum polish of 1500 
grit SiC abrasive paper in 50:50 watenethanol solution. The degree of surface polish is observed to affect 
the quality of the transfer process, with a more perfectly polished surface yielding superior transfer 
characteristics. 
1V
 Sintering conditions ranging from 650-900 °C for treatment times from 5-45 minutes under inert 
atmosphere have been found to be suitable for metallized SWNT carpet transfers. The conditions reported 
above represent me current preferred transfer recipe for 50 um long SWNT substrates. 
v
 An additional advantage of metal based substrates such as copper is that they can be made into flexible 
films which engenders the possibility of implementing this as a roll-to-roll process. 
62 
Under certain circumstances, gold is undesirable as a contact material for carbon 
nanotubes.vl It has been observed that first sputter-coating another material onto the 
SWNT carpet (such as TiN, -15 nm),14 and then following the flipover procedure that 
efficient transfer can be achieved with non-gold materials directly in contact with the 
SWNT carpet. 
4-4:Results & Discussion 
The robust physical nature of the bonding process used for this technique should be noted 
in contrast to other carpet transfer methods which rely on chemical modifications to the 
CNTs15 or are based on simple contact placement.16 It is observed that a strong 
mechanical connection can be achieved by physically bonding a stable solid layer to the 
entangled mat. It is thought to be the composite structure formed through the high joint 
surface area coating of metal (or ceramic cement) onto the entangled mat surface which 
forms a strong physical bond without disrupting the chemical bonding structure of the 
nanotubes. 
Transfer Induced Morphological Modifications 
This transfer process can lead to changes in the morphology of the carpet. Three distinct 
types of morphological modifications can be identified: (l)surface "combover," 
(2)surface ripples, (3)bending and buckling. 
Surface "combover" is the shearing of nanotubes in a single direction at the top surface of 
V1
 For some secondary treatment processes, such as atomic layer deposition, gold is a relatively poor 
substrate and due to its chemically inert surface. This presents difficulties for electronic devices which 
require conformal dielectric coatings. Furthermore, gold is often not the most preferred metal for forming 
ohmic contacts to SWNT, with Pd typically showing significantly better contact characteristics13 
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the transferred carpet (formerly the growth base). This produces a surface of nanotubes 
aligned largely in the plane of the surface rather than as a bed-of-nails. This effect is 
much more pronounced if shearing force is applied between the two substrates instead of 
only compressional forces but is often observed to a greater or lesser degree for most 
carpet transfers. While an ideal bed-of-nails transfer surface is extremely matte black, 
combover surfaces display glossy black characteristics making them readily identifiable 
by optical examination. 
Figure 4.9: Top down SEM view of a carpet transferred to a copper substrate showing a 
distinct combover morphology. 
Rippled changes in surface density and cracks in the surface termed 'surface ripples' are 
sometimes observed as a result of the flipover transfer process. These features seem to 
occur more frequently when increased handling and force is used in the debonding 
process but is no other systematic trends have been observed in the circumstances leading 
to their appearance. In general these features occur infrequently and represent only a 
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minor nuisance so no systematic attempt has been made to determine their causes. 
Figure 4.10: Top down view SEM image of "surface ripple" features 
While the first two morphological modifications are observed at the surface of the carpet, 
bending and buckling takes place over the length of the nanotubes within the carpet. 
Sinusoidal features with smooth, continuous curvature observed along the length of the 
nanotubes in the carpet are termed 'bending' morphologies.vu These features are 
impressed into the carpet structure due to compressive strains along the long axis of the 
carbon nanotubes; this causes bowing which is retained after the force is removed. 
'Buckling' describes more extreme features in which the bending features are no longer 
smooth and the structure develops kinked irreversible buckling failures under 
™ The ratio height difference between a straight nanotube structure and a sinusoidal morphology is given 
I jVl + cos2(x) • • 
by—• = —ax which an elliptic integral. It an be approximated by which can be 
A) x • 
approximated by numerical methods. Typical observed bending deformations change the carpet height 
relatively little (10% or less). 
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compression.17 These features are generally developed by the compressive debonding 
step and can be mitigated by using minimal force to debond the carpet. 
A critical metric for this process is the transfer efficiency - the areal percent of carpet 
transferred from the growth substrate to the transfer substrate. Ceramic transfer 
efficiencies are typically observed to be between 30-70%; because these substrates were 
developed primarily to demonstrate a validation of the continued growth concept this was 
deemed acceptable and no further work to improve this result was pursued. Early metal 
transfers varied widely exhibiting efficiencies between 0-80%. Using thermally stable 
metal transfer wafers such as platinum films on Si wafers or polished copper chips and 
optimization of the heating time, temperature and compressive force for bonding have 
enabled a transfer efficiency of 80-100% for current samples. It is observed that transfer 
efficiency is dependent upon the height of the SWNT carpet used; this is presumed to be 
due to the fact that the applied pressure is distributed differently and leads to different 
morphological effects as the carpet height changes. The present recipe is optimized for 
40-60 um long carpets and leads to near perfect transfer efficiency with relatively little 
induced bending in the resultant transferred carpet. Shorter carpets typically show a 
reduced transfer efficiency and presumably require more compressive force to fully shear 
and thereby debond the carpets from the growth substrate. Longer carpets show a high 
transfer efficiency but also typically have a greater degree of bending residual in the 
carpet structure and a greater propensity to surpass smooth bending and develop kinked 
buckling morphologies. 
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Non-Continuous Transfers (Strata & Grass) 
One of the more interesting features observed via this process is that the transfer process 
often does not transfer the entire height of the carpet. Often a short 'stubble' of nanotubes 
is left behind on the growth substrate after a carpet transfer; similarly, in cases where the 
transfer efficiency is less than unity, areas which did not transfer often have short 
nanotubes on the transfer chip where the SWNT carpet touched and bonded to the 
transfer substrate but remained attached to the growth substrate during the substrate 
separation step. The occurence of stubble does not degrade the apparent flatness of the 
surface of the transferred carpet. 
Figure 4.11: SEM view of the base of a carpet on its growth substrate where part of the 
carpet has been removed by metal film transfer. "Stubble" is clearly seen remaining on 
the growth substrate where the body of the carpet has been removed. 
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Figure 4.12: SEM view of a silicon/gold transfer substrate in a region where carpet 
transfer was incomplete and the body of the carpet remained bound to the growth 
substrate. Short isolated strands of transferred nanotubes are clearly observed. 
These observations have significant bearing on the question as to whether or not the 
SWNT in carpets are contiguous from the base of the carpet through to the top or, 
alternately, grow in a series of terminations and re-nucleations throughout the height of 
the carpet. The residual nanotubes observed after a transfer process on both the growth 
substrate and transfer substrate are much shorter than the height of the carpet. These 
could be the result either of: (1) the breaking of nanotubes during transfer which were 
previously contiguous throughout the carpet; (2) the intact transfer of nanotubes out of 
the carpet which were much shorter than the carpet height. 
Neither of these hypothesized mechanisms has been demonstrated with any finality. 
Such a "breakage" mechanism of transfer is in conflict with the hypothesized mechanism 
of transfer based upon shearing. Carpet growth experiments in which the carpet was 
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grown under standard (non-HFCVD) conditions,18 rapidly removed from the hot zone of 
the furnace and then reinserted have shown a "layered" growth structure similar to 
layered growths observed in certain MWNT carpet growths.19 In these layered structures 
it is presumed that a significant fraction of the nanotubes within the carpet terminate and 
re-nucleate at this layer interface. Flipovers of layered carpets exhibit regions of partial 
transfer in which one layer of the carpet would remain adhered to the growth substrate 
and the other layer adhered to the transfer substrate. However, even in these regions of 
partial transfer, contiguous 'streamers' could be observed which were the full height of 
the carpet and remained adhered to the transfer substrate. These observations seem to 
indicate that the carpets transferred intact as they grew; partial transfer regions with 
streamers suggest that when carbon nanotubes are contiguous they tend to transfer intact, 
and when they are not that they tend to separate along the non-contiguous interface. 
Furthermore, the fact that the carpet shows some regions in which both layers remain 
adhered either to one substrate or the other seems to indicate that a relatively small 
fraction of nanotubes need be contiguous across any given interface for the carpet to act 
as a single monolithic object (as evidenced by the small areal fraction of'streamers' 
observed in the partial transfer regions). However, other observations of carbon 
nanotubes breaking under various conditions tend to support the idea that breakages 
caused by mechanical interactions of this sort are plausible for carbon nanotubes20 and 
the question remains open. 
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Figure 4.-13: Edge view SEM of a partial transfer of a layered carpet. 
By transferring a SWNT carpet through a "flipover" process, the SWNT carpet is 
converted into a "bed-of-nails" configuration. Adhering the entangled mat layer to the 
transfer substrate and removing the growth substrate leaves a low density array of SWNT 
aligned normal to the surface of the array. These tubes were opened through a brief 
exposure to etching chemical conditions (e.g. oxygen plasma) and metal catalyst 
deposited by e-beam evaporation to produce continued growth substrates. Preliminary 
trials showed some apparent success but full characterization of the growth was not 
conducted.5 
70 
Figure 4.14: Top down view SEM image of a SWNT carpet showing a sparse "bed-of-
nails" morphology of SWNT bundles. 
Pillar Condensation 
One fascinating aspect of the metal based transfer process is that it has been observed to 
enable the patterning of transferred SWNT carpet structures. It has been observed for 
metal flipover processes performed on Si chips, that if the transfer is successful but the 
heating step allows the metal film to flow and bead up on the surface the transferred 
nanotube carpet remains attached to the metal film and condenses into pillared structures 
attached to the metal beads. By controlling the beading of the metal film this behaviour 
suggests the possibility controllably patterning SWNT carpets into various shapes for 
applications as electronics elements and the like.1'21 
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Figure 4.15: Top down view of SEM of a pillar condensation. The discrete central pillar 
and surrounding carpet structures were formed as separate objects from a contiguous 
metal carpet by the action of metal bead condensation on the transfer surface. 
4-5: Future Directions 
Recently it has been discovered that by cooling a SWNT carpet in an oxidizing 
atmosphere immediately after growth (instead of the carbon rich atmosphere naturally 
present during carpet growth) that the carpet is much easier to debond from the growth 
substrate than carpets prepared under standard conditions.22 It is reasonable to postulate 
that these carpets will provide more suitable materials for flipover transfers - requiring 
less compressive debonding force and engendering greater transfer efficiency. 
The general success of these flipover based transfer techniques naturally suggests the use 
of other adhesives such as epoxies for the transfer of SWNT carpets. Due to the interest 
:
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in high temperature experiments and electronics applications, transfers based on polymer 
adhesives have not been explored. Recently, filtration and water purification 
technologies based upon nanotube membranes have garnered attention23 and my prove 
sufficiently motivating to explore the development of adhesive based flipover transfers. 
One particularly interesting variation of the carpet transfer process is comes from the 
manipulation of pre-patterned growth of SWNT carpets in long lines on the substrate 
instead of as large area films. It has been discovered that when a growth substrate of 
these lines is pressed onto another substrate and removed that the lines are transferred to 
the second substrate as aligned structures layed over along the surface of the transfer 
substrate.22 This process has been demonstrated for a wide variety of transfer substrates 
including glass, polyethylene and kapton. The generality and ease of this process 
coupled to the aligned SWNT structures it produces makes it greatly interesting for next 
generation electronics applications/"1 
The experimental creation of vertically aligned arrays of SWNT with catalyst 
nanoparticles bonded to their tips for continued growth naturally raises the possibility that 
these structures may be useful for other applications. Nanoparticles covalently bound to 
the ends of nanotubes offers new avenues such as coupling the catalytic properties of the 
metal nanoparticle to a high aspect ratio conductive array for electrocatalysis or sensor 
applications,24 or changing the work function of the structure. 
vm
 A similar result has been obtained using a liquid collapse method by Hata et al. However, attempts to 
reproduce this result using HFCVD grown carpets were not successful, further highlighting die differences 
in behaviour for carpets grown by different methods. 
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The ability to manipulate vertically aligned nanotube arrays into controlled patterns 
affords a method to create element based electronic devices for applications such as vias1 
or transistors.21 To date, observations of metal condensation based patterning have been 
made only incidentally and the technique has not been developed, but the phenomena 
naturally suggests venues for controllable application. By prepatterning the transfer 
substrate to contain wetting and non-wetting regions for the gold transfer film; e.g. by 
depositing a thin (~10nm) non-wetting oxide layer on top of a metal substrate and 
patterning an array of small holes into it, a duplicate array of aligned SWNT pillars can 
be created through this technique. This offers a direct path to create small (~50-500 nm) 
pillars of aligned SWNT useful for vertically integrated electronics device applications. 
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5: Carpet Collapse & Condensation 
5-1: Introduction 
While the intrinsic alignment native to carbon nanotube carpets presents an array of 
opportunities for technological implementation, the low volumetric density [cf. Chapter 
2] native to carpet growth severely limits the use of these carpets for some applications. 
As noted in Chapter 4, continued growth on flipped over carpet substrates has shown 
some success; however, the low SWNT density is believed to provide non-optimal 
conditions for continued growth. It has been observed that under certain conditions 
surface tension forces can "collapse" carbon nanotube carpets into higher density 
monolithic structures. 
One of the most sought after goals in carbon nanotube research is the synthesis of 
chirality selected nanotube materials.2 Several approaches have been reported2'3'4 but to 
date no method has demonstrated sufficient success to provide a viable route to 
technologically produce chirality selected SWNT. Smalley et al.5 proposed a method 
termed "cloning" or "amplification" in which nanotubes of specific chirality could be 
grown from "seeds" consisting of shorter nanotubes of that chirality mated to catalyst 
nanoparticles at their tips. When such a "seed" structure is exposed to suitable growth 
conditions it is hypothesized that the nanotube "seed" will grow more of the same type of 
nanotube. By iteratively growing long nanotubes of specific chirality and processing 
them into many seeds to grow yet more long nanotubes it may be possible to grow large 
quantities of chirality specific nanotubes. Unfortunately process efficiency, 
reproducibility and yield have been quite low for this process despite considerable effort. 
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A similar process, termed "continued growth," to create chirality selected nanotube 
materials proposed by Smalley et al.6 relies on "cloning" massive self-supporting aligned 
arrays of carbon nanotubes simultaneously to grow these arrays as a single monolithic 
object. It can be considered to be analogous to traditional epitaxial substrate growth 
where the substrate in this case is composed of many SWNT seeds aligned perpendicular 
to the surface of the substrate in a so-called "bed-of-nails" configuration so that growth of 
the nanotube seeds is equivalent to epitaxial deposition of carbon into the surface of the 
macroscopic substrate. The ultimate intended goal of continued growth has been the 
continued growth of a highly dense, well-aligned, flat substrate. It is conjectured that in 
this sort of substrate that the growing nanotube seed would provide mutual physical 
support and inhibit termination of growing seeds. Therefore continued growth of such a 
substrate is conjectured to be able to efficiently provide both high quantities of chirality 
selected SWNT and monolithic SWNT structures. 
Cloning type continued growth has been demonstrated in several previous studies. 
However, the preparation of these arrays has proven so work intensive and difficult that it 
has been demonstrated only a handful of times; and the preparation of a true "bed-of-
nails" substrate of the originally envisioned form has yet to be attained. Initially, all 
efforts to create these arrays were carried out on fibers of neat SWNT.7 These fibers 
were then cut, either through microtoming or focused ion beam milling to expose a 
surface perpendicular to the nanotube length axis and etched to expose the ends of 
opened nanotubes.8 Unfortunately these methods tended to produce large amounts of 
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unwanted byproducts on the surface which proved extremely difficult to remove and 
were extremely deleterious to the process of continued growth. In addition, SWNT fibers 
show significant misalignment of the SWNT relative to the fiber axis (full width at half 
maximum mosaic angle (p=310).7 
Due to these factors SWNT carpet structures were explored as an alternative substrate for 
continued growth. By performing a flip-over type transfer [cf. Chapter 4] of a carpet 
onto a ceramic substrate it was shown that highly aligned, flat "bed-of-nails" of SWNT 
could be produced. They were further prepared by subjecting them to a brief oxygen 
plasma etch and catalyst deposition to produce a continued growth substrate.9 These 
substrates showed some preliminary success but showed distinct inhomogeneities and 
growth instabilities which are presumed to be related to the relatively low density 
structure (estimated to be 1-10% of the theoretical density of closest packed SWNT based 
on weight measurements) of the SWNT carpet.10 
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Figure 5.1: SEM image of continued growth on the top of a fiipover transfer. Some 
apparent continued growth is clearly seen as sporadic pillars projecting from the flat 
carpet top. It is postulated that the low nanotube density prevents efficient catalyst 
assembly at the open SWNT tips and that prevents the mutually supportive structure 
sought for continued growth. 
In order to circumvent these difficulties another method has been explored for producing 
dense, highly aligned substrates for continued growth. It has been found that SWNT 
carpets can be "collapsed" into highly aligned, dense structures through post-growth 
processing. Carpet structures are intrinsically highly aligned due to the high aspect ratio 
and base growth mechanism for these structures; however, the as-grown density is 
extremely low. It is observed that surface tension forces during drying act to "collapse" 
the carpet into a high density solid material in a similar manner to that which has been 
previously observed for other high aspect ratio nano-objects.11'12 Since the carpets are 
inherently well-aligned and of locally uniform height, this method can produce substrates 
which closely approximate an ideal "bed of nails." 
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5-2: Experimental Methods 
AH carpets were grown by hot filament chemical vapor deposition (HFCVD).13 Carpets 
were placed in IN HC1 solutions (either neat or with 1 wt% of sodium decyl sulfate or 
sodium dodecyl sulfate (SDS) dissolved in solution to reduce surface tension) for 2-20 
minutes to wet the carpet and dissolve the catalyst particles from the base of the carpet. 
Carpets were transferred to a second solvent bath to remove the HO. 
Some carpets were removed from the bath and allowed to dry in air. During this drying 
step it is observed that the carpet collapses into an aperiodic array of high density, 
ordered SWNT solid structures termed "SWNT monoliths," pictured in figure 5.2. Upon 
drying, the densified carpets were characterized via SEM imaging. 
Figure 5.2: SEM images of various examples of observed collapse morphologies. 
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The densified carpets were transferred to a separate substrate in an inverted configuration 
("flipped over"). Some of these transfers were achieved by embedding the densified 
carpet structures in a ceramic cement as previously described [cf. Chapter 4] for as grown 
carpets14 in other cases the processed carpet was adhered to a carbon tape layer on a 
substrate and pulled off of the original substrate. Inorganic contaminants on the surface of 
densified carpet structures were occasionally observed on ceramic flipover carpets. 
Attempts were made to remove them using a .IN KOH solution rinse followed by a water 
rinse. 
Etching with oxygen plasma and atomic hydrogen exposure was used to expose the 
internal structure and etching characteristics of some of the densified carpet substrates. 
5-3: Results and Discussion 
It has been reported in the literature that some carpets will undergo a uniform collapse 
when exposed to water and allowed to dry.1 It is observed that the carpets used in this 
study do not collapse uniformly when only exposed to water. Rather the bottom of the 
carpet remains affixed to the growth substrate while the top of the carpet draws together 
creating a "mohawk" morphology as shown in figure 5.3. It should be noted that the very 
top of the carpet shows a lower two-dimensional compressibility than the bulk of the 
carpet; possibly due to the presence of the entangled mat layer. 
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Figure 5.3: SEM view of a mohawk morphology produced by water-wetting and drying 
treatment of a SWNT carpet. 
In order to create more uniformly collapsed structures, dissolution of the iron catalyst 
particles bonding the SWNT to the substrate surface has been used. Brief immersion in 
dilute HC1 solution has proven sufficient to achieve this. During immersion into HC1 
solutions, internal stresses inherent in the as-grown carpet and air entrained in the carpet 
occasionally caused the carpet to debond from the chip and roll distort while in solution. 
Addition of dissolved surfacting agents such as sodium decyl sulfate into the acid etch 
solution quickly removes entrained air and reduces this tendency during etchant 
treatments. 
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The acid is then removed by dilution into deionized water and allowed to dry. This is 
observed to create more generally uniform structures. In all cases, the top of these 
carpets (which is known to form a "tangled mat" or "crust"15 with entrained internal 
stresses) does not densify as much as the body of the carpet as can be observed in figures 
5.2 5.3 & 5.5.Ui 
Occasionally the structures formed show a morphology of the desired "bed of nails" type, 
where the side of the nanotube facing the growth substrate is highly dense and well 
aligned perpendicular to the long axis of the densified structure as seen in figure 5.4. 
This structure exhibits a top surface that is smooth to within tens of nanometers. 
1
 In most cases the tangled mat layer creates a larger cross-section than the body of the collapsed carpet; 
occasionally it instead collapses to form a crinkled surface instead. In all cases creating a higher surface 
area morphology. 
" Flash freezing is observed to also drive a mechanical collapse process in nanotube carpets with different 
morphological features to those of evaporation driven collapse. The morphologies created by this method 
form an interconnected cellular network. The resultant structure is stable enough to handle gently with 
tweezers and the cellular structure of holes gives the film a distinctive optical appearance which is both 
translucent and slightly iridescent comparable to organza. It is surmised that the flash freezing step itself 
drives the carpet collapse due to granular freezing processes leading to the exclusion of SWNT from 
solidifying water hydrophobic contaminant. Notably, both in evaporative driven collapse and flash-freeze 
driven collapse the entangled mat is observed to exhibit different mechanical behaviour from the rest of the 
carpet structure [cf. Chapter 2]. 
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Figure 5.4: SEM image of a near-ideal structure produced by collapse. The structure is 
observed to have a highly dense and smooth surface. The dendritic white patches 
spotting the surface are believed to be inorganic residues from the collapse and transfer 
process. 
In other circumstances, interactions between the substrate and the carpet during partially 
inhibits the collapse of the carpet at this interface. Figure 5.5 illustrates a collapse where 
bottom of the carpet is constrained by a strong interaction with the growth substrate. The 
constraining surface interaction apparently takes the form of an effective drag force 
during the carpet collapse. There are three natural conjectures which could be ascribed to 
the form of this interaction: (1) friction due to direct physical contact of the carpet base 
moving over the substrate surface (possibly enhanced due to the relative roughness of the 
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typical growth surface), (2) greater attraction between the SWNT and the surface versus 
SWNT-SWNT attractions due to surface tension forces due to greater wetting of the 
substrate by the liquid than wetting of the nanotubes, (3) incomplete detachment of the 
SWNT by catalyst nanoparticle etching of catalyst nanoparticles. Substrate drag effects 
may be reduced by choice of suitably flat substrates16 and/or substrate decoration to 
reduce SWNT/substrate interactions.17 Subsequent results by Pint et al. suggest that a 
significant degree of SWNT are attached to the growth substrate at carbon coated sites 
which are likely to be resistant to acidic chemical attack,18 tending to indicate that it is the 
third possibility which is most strongly responsible for these effects. When these 
attachment sites are removed by after-growth treatment the carpet is significantly easier 
to detach from the growth substrate and often will float off the growth substrate when 
simply immersed in water. 
Figure 5.5: SEM images of non-ideal monolith structures produced by liquid carpet 
collapse processes. 
Monoliths of this morphology have been subjected to oxygen plasma etches followed by 
atomic hydrogen cleaning steps in an attempt to remove the incompletely collapsed 
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material for use as a continued growth substrate. Roughened, non-ideal surface 
morphologies were produced similar to those obtained by Wang et al.6 
It has been generally observed that higher quality/more uniform monolithic structures are 
formed from taller carpets during collapse. It is also generally observed that the 
monolithic structures formed from taller carpets show a larger average lateral size for the 
monoliths. Carpet collapse from various liquids has been observed including: water, 
aqueous surfactant (SDS, SDBS) solution, N-Methyl-2-pyrrolidone, methanol, 
chloroform, toluene, and acetone. A general trend is observed for the average lateral size 
the SWNT monoliths to decrease with decreasing surface tension of the wetting liquid. 
It must be noted that Hata et al. have recently reported similar phenomena and utilized 
these methods to considerable effect for fabricating monolithic structures. Despite the 
confirmation and similarities of this work, distinction must be drawn in that the methods 
reported by Hata1 do not have the same effect on the HFCVD grown carpets as the results 
which he has reported on carpets grown by his recipe.19 The exact reasons for the 
behavioural differences of carpets grown by various methods as they are placed in carpets 
with water is not yet well understood but is believed to be a function of the underlying 
differences in morphology and SWNT type and perfection within the carpet. 
5-5: Conclusions & Future Work 
While most monoliths produced by this method show undesirable features deviating from 
the dense, bed-of-nails morphology sought; the observation of occasional success in 
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producing well aligned, flat monoliths suggests that there is an optimal degree of SWNT 
surface attachment which when coupled to a suitable collapse technique produces the 
desired morphology. Therefore, further work to modify the degree of SWNT-catalyst 
attachment using modified oxidizing atmosphere treatments18 holds promise for 
consistently producing the dense, aligned substrates sought by in this study. 
The observation of these structures of high density aligned carbon nanotube arrays 
naturally suggests several other applications: 
Matrix-Assisted Laser Desorption/Ionization (MALDI) is a technique commonly used in 
current research and medical analysis of large organic molecules and biomolecules. 
Aligned nanotube monoliths have been proposed as a replacement for the standard 
substrate material used in MALDI. Because these structures are formed of high optical 
absorption which are chemically inert and stable to extreme temperatures it is proposed 
that these monoliths can be used to adsorb large molecules and solvent into the nanotubes 
interior. By then exciting monolith with a laser pulse the large molecules can readily be 
ejected along with the vaporized solvent. This conceptually can provide a more stable 
"matrix," (the carbon nanotubes) a more gentle desorption process and simpler sample 
preparation than the current protocols employed. 
Due to their high aspect ratio carbon nanotubes have been previously explored as 
materials for high energy particle channeling materials.20 This method holds the promise 
to produce large, well-aligned monoliths of nanotube materials and possibly synthesize 
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aligned nanotube monoliths with large scale kinks and bends both of which are interest 
for particle channeling applications. 
Recently, aligned MWNT arrays have garnered significant attention for implementation 
as flow membranes for applications such as desalinization and selectively permeable 
membranes with nanoscopic pore sizes. SWNT arrays have naturally been suggested for 
similar applications as SWNT typically have smaller and more controllable diameter 
distributions. To utilize these materials for membranes higher pore densities are 
desirable to increase the flow rate of species through the membrane without decreasing 
membrane selectivity. Collapse type methods offer the a direct route to fabricate aligned 
SWNT membranes with extremely high the pore density. 
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6-1: Solid State Carpet Devices 
6-1: Introduction 
Carbon nanotube carpets present a unique opportunity as a next generation electronics 
material. The intrinsic self-organization of these structures provides a natural scalable 
synthesis route for technological application while the alignment and vertical orientation 
will allow three dimensional device fabrication and circuit integration to enable high 
circuit density device manufacturing. 
Their inherent alignment suits carpet structures suits to performing as anisotropic current 
conducting elements while their low volumetric density provides a suitable geometry for 
strong environmental coupling. These attributes provide for the application of these 
structures as transistors,1'2,3 sensors,4'5 and capacitors.6 For these uses the strong 
interaction of a conducting element to the environment is precisely the desired behaviour. 
Several forms of transistor have been suggested and in some cases built for carbon 
nanotubes. While most involve a single nanotube or small nanotube bundle lying on a 
substrate bridging two contacts and coupled to a gate electrode,7 a few proposals have 
noted the fact that a vertically integrated VFET (Vertical Field Effect Transistor) device 
geometry would offer a number of advantages such as allowing greater device scaling 
and processing per area.8 A transistor based on a carpet geometry is a natural extension 
of this idea and offers one primary advantage over other design possibilities; carpet based 
vertical transistors offer the possibility of being able to handle very high power density. 
Conceptually, a carpet based transistor is fabricated simply by electrically connecting the 
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top and bottom of a nanotube carpet to a circuit and placing a third gating electrode in 
electrostatic contact with the nanotube channel. 
Various types of capacitors can be built from carbon nanotube materials. Electrolytic 
double-layer capacitors (EDLC) based on carbon nanotube electrodes were proposed 
early-on and have been widely studied since then.9'10 Hata et al. found that SWNT 
carpets in their native morphology are not optimal as EDLC electrode materials but that 
carpet materials can be "condensed" [cf. Chapter 5] into materials which show promise 
for high energy density storage applications.!: Despite the advantages offered by these 
carpet-based EDLCs there are a number of distinct limitations imposed by the operational 
physics of EDLCs which makes them unsuited to many applications. Their high internal 
resistance due to the ionic conduction mode of the electrolyte makes them unsuited for 
ultra-high power applications while the physical and chemical limitations of the 
electrolyte makes them unsuited for use in extreme environments.1 
Alternatively, a novel type solid state nanotube capacitor device based on a metal-
insulator-metal design architecture offers the possibility of making high energy/high 
power density capacitors. The nanostructured highly conductive network afforded by the 
carpet architecture affords both high capacitance due to the nanostructured surface area 
and high power due to the all-electronic highly conductive nature of the material. By 
1
 The liquid electrolyte imposes stringent limitations on the operational conditions for electrolytic double 
layer capacitors. Operational temperatures are limited by the freezing and boiling conditions of the 
electrolyte. The charge and discharge rates (power) available for electrolytic capacitors is typically most 
strongly limited by the ionic resistance of the electrolyte; power is supplied at a rate greater than the 
electrolyte can handle this will cause chemical degradation of the electrolyte. Also, electrolytic capacitors 
are limited in the number of charging cycles which they can undergo as the electrolyte and electrodes 
typically undergo some electrochemical degradation with each charging cycle. 
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placing a conformal dielectric insulating layer around the nanotubes and a conformal 
counter electrode layer around this dielectric layer a very high capacitance, solid state 
capacitor capable of high energy storage and power output is possible. 
High power density capacitors are desirable for a variety of commercial and military 
applications where compact power storage for rapid delivery is required and where a 
large number of charge-discharge cycles are expected over the device lifetime. Such 
applications range from cell-phone flash power, hybrid vehicle acceleration, laptop power 
storage, to military weaponry. A Ragone plot of power/energy performance 
characteristics for current and predicted energy storage devices12 is shown below in 
Figure 6.1 
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Figure 6.1: Ragone plot of current and predicted energy storage technologies - adapted 
fromMPower1 
Another set of applications envisioned for these structures in integration as on-chip 
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component capacitors for decoupling to replace the current in-plane devices. The high 
capacitance density of these structures makes them particularly attractive for replacing 
the large surface-area requirements for current on-chip capacitors as silicon wafer cost is 
measured in terms of surface area; by cutting down on the surface area smaller, cheaper 
chips can be fabricated. 
Carpet-based solid-state capacitors and carpet-based sold-state VFET transistors are 
intrinsically similar in their device geometry and construction. Fundamentally such a 
capacitor is equivalent to a VFET minus the drain electrode. That is, a transistor can be 
constructed simply by modifying the above procedure by adding an additional step 
between steps 2&3 to contact the carpet at the top so that the SWNT form a complete 
conduction channel. The conformal counter-electrode then acts as a gate electrode and 
the system will act as a field effect transistor. The device performance of this structure 
will be fundamentally limited in speed by the relatively high parasitic gate capacitance,13 
and will demonstrate switch-on voltage broadening due to differences in electrostatic 
couplings of bundled SWNT to an external gate [cf. Chapter 6-2]. These device 
characteristics make them unsuited to implementation as high-speed logic elements; 
however, as power transistors these are still extremely attractive structures. This makes 
developmental work on these solid-state devices doubly beneficial as any development of 
carpet based solid state capacitor technology simultaneously furthers carpet vertical 
transistor technology and vice-versa. 
6-2: Modeling 
Capacitance: Basic Principles 
As an electrodynamic quantity, capacitance describes the electrostatic coupling between 
r_dQ 
two objects and is formally defined as c ~ . • where 'Q' is the net charge on one of the 
two bodies relative to the other1 and 'q>' is the difference in electrostatic potential between 
the two objects. 
Classical electrostatics is governed entirely by the Poisson equation: V <p = -Anp. it is 
most straightforward to view the potential field not as a separate entity from the charge 
with its own degrees of freedom but as an extensive aspect of the charge distribution; that 
is, the field is wholly defined by the spatial distribution of charge. Therefore the energy 
of the system in a function of the spatial of each charge in relation to every other charge, 
where this charge distribution inter-relation is described by the "electrostatic potential:" 
Electrostatic ~ ' * ± x r x ~ 
1 l V 
For "classical" circuit systems at stasis, electrons are constrained only by the Poisson 
equation and the electrostatic potential wholly describes the potential energy of the 
electron configuration of the system: UTotal * (l/2)^9^». As such this the voltage circuit 
variable across a classical capacitor corresponds directly to the electrostatic potential 
1
 Strictly, for two bodies 'A' & 'B,' 
Q = {l/2lQA-QB) 
- for typical capacitor scenarios charge is 
presumed to move from A onto B with A & B starting at zero net charge. In this symmetric case, one half 
of the total charge difference is equal to the total magnitude of net charge on each body. 
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difference. As a circuit variable, capacitance performs effectively as a potential energy 
system constant comparable to a mechanical spring constant storing electrostatic energy 
in the electronic configuration of the system as a spring stores energy under static 
TT QV CV2 Q 
mechanical compression: Uc = —— = —— = — j 
Classical Coaxial Capacitance 
The geometric capacitance of a classical ideal coaxial cylinder is well known: 
C IKE 
~T~tfrjr2] 
For device configurations in which single SWNT or MWNT are incorporated as the inner 
cylinder in a coaxial capacitor this relationship will suffice to determine the geometric 
capacitance of the system. However, systems in which nanotube bundles act as the inner 
element for a coaxial capacitor cylindrical symmetry is no longer perfectly maintained 
and we must concern ourselves with the effects of deviations from the ideal cylindrical 
case. 
The geometric capacitance of regular non-cylindrical coaxial systems has been solved in 
closed form using variational functionals14 which gives significant insight into the effects 
of deviations from cylindrical symmetry. Of particular relevance, they calculate the ratio 
of the capacitance of coaxial arrangements of regular polygons versus the capacitance of 
a cylindrical system of the same size. The total value of this ratio is always <2 with the 
greatest value being ~1.65 for a regular triangle, while a regular hexagon is =1.1. 
Elliptical perturbations also do not greatly change the capacitance of a coaxial system, for 
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instance ratios of b/a of 2 show factors of less than 2.5. These results suggest that the 
relatively small deviations from cylindrical symmetry introduced by typical nanotube 
bundle shapes will generally contribute less than a factor of 2 correction to the expected 
result. 
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Figure 6.2: Electrostatic capacitance of non-cylindrical coaxial geometries normalized to 
a cylindrical coax of the same size - adapted from Yang et al.14 
Quantum Capacitance 
One of the most pronounced non-classical characteristics of carbon nanotubes is their so-
called "quantum" capacitance.15'16 
In the more general case where the charge distribution is constrained by not only by the 
Poisson equation but also other forces, the "voltage" applied is not equivalent to the 
electrostatic potential difference but rather to an joint potential difference. For 
nanostructured objects the multi-electron Schrodinger equation significantly constrains 
the charge distributions possible (in the form of a small density of states near the Fermi 
level) exerts a chemical potential on any change in electron occupancy in the system. 
Thus the potential energy of the arrangement of'n' electrons in a static capacitor 
configuration system is of the form: 
U = nq ^ + ^ - : where M= — 
v 2 qe Vdn 
For the addition of a single charge onto a classical capacitor, c£s - ~7~ ; with the 
addition of a non-negligible chemical potential there is a deviation from the classical 
charging behaviour which can be cast as an additional "quantum capacitance" in series 
2 
with the electrostatic capacitance of the form: CQ = ~ .17 For many nanoscopic 
objects the value of the chemical potential is most directly accessible through the density 
of states for the system: u 
1 \( dn\ ... Cn 
v = r ii XTT so that:111 —r~~ = ?lvo 
volume JyoU J volume 
For carbon nanotube systems the density of states near the Fermi level is a constant 'v<j' 
for each chirality of carbon nanotube leading to a constant CQ for an undopedlv SWNT at 
small bias at OK. For all metallic and quasi metallic nanotubes CQ = 3.88E"10 F/m ~ 4E"10 
F/m, for all semiconducting nanotubes CQ = 0.18 
=, I . N.B. the chemical potential is the 
I
 The factor of 2 in the electrostatic term avoids overcounting in the double-sum over all charges 
II
 The reciprocity theorem dictates that if a set of partial derivatives make up an exact derivative, then the 
(dx)
 =Jfdzs 
inverse of a partial derivative is its reciprocal: -a I ~ 
total chemical potential for all electrons in the system whereas the density of states is typically calculated 
only for a "single electron" system; for small amounts of charge transfer this typically represents a good 
approximation but can deviate substantially for larger charge transfers. 
III
 This result holds true so long as: (1) the single particle density of states is in one-to-one correspondence 
with the complete chemical potential for the system, (2) the bands structure is not modified by the external 
applied potential or similar factors. 
IV
 Doping will typically both modify the band structure and change state population; leading to changes in 
quantum capacitance behaviour which are ill-characterized and have not been studied in the literature. 
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The capacitive behaviour of single carbon nanotubes has been extensively studied both 
theoretically ' and experimentally. ' However, carbon nanotubes often form linear 
structures composed of multiple single nanotubes, such as single-walled carbon 
nanotubes (SWNT) bundles, individual multi-walled carbon nanotubes (MWNT), or 
MWNT bundles; we will refer to these types of structures as "aggregated nanotube 
structures." The capacitive coupling of these structures to their environment is 
considerably more complex than for traditional conductors and has significant 
consequence for the design and behaviour of carbon nanotube based electronic devices. 
While the capacitive behaviour of single SWNT structures has previously been analyzed, 
the behaviour of aggregate nanotube structures is less understood. 
Two approaches have previously been taken in modeling the behaviour of aggregate 
carbon nanotube structures. Interconnect modeling studies have typically assumed that 
the total quantum capacitance contribution of the structure is equal to the direct sum of 
the quantum capacitance of all tubes within the bundle since they are presumed to act 
directly "in parallel."23'24'25 However, the capacitance is a function of the simultaneous 
solution of the density of states and electrostatic contributions. Electrostatics dictates that 
charge is not uniform throughout the bundle (for a classical conductor all charge resides 
on the surface). Since the charge not equally distributed throughout the bundle the 
quantum capacitance of all tubes within the bundle cannot be simply added. 
Alternatively, small multi-tube structures have been studied through ab initio methods.26 
These ab initio methods provide rigorous simulation of coupling capacitance which 
highlight the effects of quantum capacitance and subtle effects such as those originating 
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from the interaction of different chiralities but they do not provide a clear framework to 
conceptualize the basic principles governing the electrostatic behaviour of these systems. 
We herein develop a model of aggregate nanotube structures as a capacitor network 
circuit which can be directly understood and analyzed by simple network rules. 
Cylindrically symmetric systems composed entirely of metallic nanotubes are the 
simplest cases to analyze and we will therefore refer to them as "ideal" cases. The 
quantum capacitance is known and the electrostatic capacitance of cylindrical geometries 
has an exact solution. For these structures each nanotube shell is capacitively coupled 
only to its two nearest neighbors and has an intrinsic quantum capacitance in series with 
this electrostatic capacitance.27 As such, these structures can be naturally viewed as 
forming a network of capacitors that can be directly evaluated through traditional circuit 
analysis. 
The simplest case is of a single metallic SWNT inner and a coaxial metal counter-
electrode as shown in Figure 6.3. The high density of states in the metal counter 
electrode allows quantum capacitance considerations to be neglected for this electrode to 
a first approximation.28'29 Therefore we can treat this as a simple single-loop circuit with 
the total capacitance of this structure simply as the quantum capacitance of the individual 
nanotube in series with the electrostatic capacitance between the nanotube and the metal 
counter-electrode. 
Figure 6.3: Illustration of a SWNT/metal coaxial capacitor and an circuit equivalent 
Extending this idea to a MWNT based capacitor, the MWNT is viewed as an aggregate 
system of concentric, capacitively coupled metallic nanotube layers which can be 
naturally be viewed as forming a network in which each layer is capacitively 
(electrostatically) coupled in series to its two neighboring layers (each layer acting as one 
electrode for each of two capacitor cells) with the quantum capacitance in series with 
each layer. This type of network and the corresponding MWNT system is illustrated 
below in Figure 6.4. 
Figure 6.4: Illustration of a SWNT/metal coaxial capacitor and an circuit equivalent 
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From the simple rules determining the total equivalent capacitance for a circuit a simple 
recursive formula can be determined for the total capacitive coupling networks of this 
type to their environment. 
Starting from the innermost (first) layer the quantum capacitance is added in series to the 
geometric capacitance between the first layer and the next outer (second) layer. This 
encapsulates the capacitive contribution of the innermost layer. This capacitance is 
added in parallel to the quantum capacitance of the second shell which is in turn added in 
series to the geometric capacitance between the third layer. This process is reiterated and 
defines a recursive formula for the effective capacitance of the network. 
A 
A 
A 
= c 
=w 
=ta 
+<?sr+ 
+Q:„_,)-' 
CQ,2 
+ CQ,» 
• CQ>n= the quantum capacitance of layer 'n' counted from the innermost layer 
outward 
• CE,II= the electrostatic capacitance between layers 'n' and 'n+1' counted from the 
innermost layer outward (CE,{n<->n+i}) 
For two concentric electrodes, the electrostatic capacitance is determined by the distance 
between the outer surface of the inner electrode and the inner surface of the outer 
electrode. For carbon nanotubes this is determined by spatial configuration the electron 
cloud around the nuclear lattice. The distance between the nucleus and apparent 
electrostatic "surface" of the nanotube is called the "spillover" distance and has been 
reported be approximately lA. 
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For an ideal MWNT structure composed entirely of metallic walls spaced one van der 
Waals distance apart the following formula is obtained:1 
• s = inter-tube spacing ~ 3.41 A31 
• 8 = spillover ~ 1 A 
( 
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Figure 6.5: For a CNT based capacitor, the internal capacitance contributions of the CNT 
are summed according to circuit network rules to obtain a network equivalent capacitance 
for the structure. This network capacitance structure can then be applied as a circuit 
variable in calculating the capacitance for structures based on CNTs. 
For idealized MWNT structures at zero temperature, CQ is a constant for each shell (CQ,n 
- CQ;O= 388 aF/um ~ 4E-10 F/m).32 As the temperature increases more channels are 
thermally activated which leads to an increased quantum capacitance which is 
r
n —t\~rS\n — L) =
 ra(iius of shell 'n', measured from center to nucleus 
r
a,n
 =f\+s(n — i) — o _
 ra(jjus of inner surface of shell 'n' 
rp,n =i\+S\n — \) + o = radius of outer surface of shell 'n' 
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approximated by the formula:33'34 
Cg(D,T)«C&0(6.12xW*{nm'ir,}DT+U75 
CQ(D,T)*CQ0 
D = nanotube diameter in nm 
D> 
D< 
1300nm-K 
1300 mn-K 
This model leads to results which differ both qualitatively and quantitatively from 
previous approaches in which the quantum capacitance of all nanotubes were presumed 
to contribute as a direct sum to the total structure capacitance.1 
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Figure 6.6: MWNT network capacitance versus radius at OK and room temperature 
1
 E.g. at OK the network capacitance calculated by this method differs from the direct sum of the quantum 
capacitance by more than a factor of 10 for ~ lOOnm ideal MWNT. Furthermore, the qualitative difference 
in capacitive behaviour offers a clear experimental route to distinguish between the two models. By 
measuring capacitance of MWNT based coaxial capacitors over a wide temperature range, the qualitative 
difference in trend is unambiguous in distinguishing the two models. 
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At room temperature (300K) the network capacitance of a MWNT increases linearly with 
the MWNT radius while at OK the network capacitance of the MWNT is significantly 
limited by the constant quantum capacitance of each shell and shows a significantly sub-
linear trend as seen in Figure 6.6. The nature of this sub-linearity stems from the fact that 
though the total density of states for the MWNT increases linearly with radius, the 
capacitance contribution made by each shell decreases as it is buried deeper within the 
network. The fraction1 of tubes contributing to the total network capacitance of a MWNT 
is graphed in Figure 6.7. It is observed that the contributing fraction falls rapidly with 
radius and has fallen below 20% before the MWNT radius reaches 10 nm. 
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Figure 6.7: Fraction of tubes contributing to the MWNT network capacitance calculated 
at a 90% threshold value - normalized 
For coaxial capacitors based on SWNT bundles the case is somewhat more complex. 
1
 As a metric illustrative of the relative contributions of the shells in the MWNT, the number of shells 
which make up 90% of the total network capacitance is calculated and this fraction normalized. 
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True cylindrical symmetry is lost for these structures of bundled nanotubes so that the 
cylindrical shell network model cannot be applied directly. However, we can adapt this 
model to treat SWNT bundles by approximating SWNT bundles as a cylindrical structure 
composed of multiple concentric cylindrical "layers" as shown in Figure 6.8. Each layer 
is composed of multiple single nanotubes lined up which form a cylindrical shell around 
the next inner layer. 
Figure 6.8: Coaxial close-packed SWNT-bundle/metal capacitor and a cylindrically 
uniform counterpart 
By extracting spatially averaged values defining the number and interactions of the 
nanotubes each layer can be treated as a spatially averaged homogeneous material1 thus 
restoring cylindrical symmetry to the system and allowing a closed form solution to be 
extracted." An in-layer packing factor is defined to be the average number of nanotubes 
per layer area (inter-layer distance is not included) and is calculated based on a flat (zero 
1
 This approach presumes that the band structure of the SWNT within the bundle remain the same as in the 
isolated nanotube case. 
" These approximations are designed to mimic an ideal, close-packed structure. 
curvature) layer to be B, = SWNT = —; where 'ro' is the radius of the nanotubes 
and 's ' is the spacing between nanotubes (assumed to be equal to the van der Waals 
spacing) and the layer thickness is the same as the diameter of the nanotubes. The 
physical spacing between layers is set equal to the van der Waals spacing distance; 
however, in close-packed systems the surfaces are not smoothly conformal - requiring a 
correction term to the electrostatic interaction between these non-conformal surfaces. 
This electrostatic interaction is accounted for by defining an electrostatic "effective 
spacing distance." This effective spacing distance was calculated using finite element 
simulations in FlexPDE to model the electrostatic interactions between infinite layers 
composed of hexagonally-close packed circles. By computing the capacitance of the 
layer structure versus the capacitance of an infinite plane capacitor of equivalent spacing 
the effective distance parameter was calculated to be ~.653 times the capacitance of a 
planar structure spaced one van der Waals distance apart. Based on these parameters 
homogeneously averaged quantum capacitance values for each shell and electrostatic 
coupling between shells can be calculated directly. From this a network model for the 
capacitance of bundled SWNT structures can be calculated using the same general 
procedure as outlined above for MWNT structures. 
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Figure 6.9: Illustration of a SWNT-bundle/metal coaxial capacitor and a circuit 
equivalent diagram 
The network capacitance of a SWNT bundle (abbreviated 'bSWNT') is observed to 
increase linearly with the bundle radius as shown in Figure 6.10. The network 
capacitance of a SWNT bundle is significantly greater than that a MWNT of equal radius 
at room temperature, differing by almost a factor of 20 for radii as small as 10 nm. A 
note of particular interest for SWNT bundles is that most of the network capacitance is 
due to the outer layer of SWNT. The fraction of SWNT contributing to the total network 
capacitance is also observed to decrease rapidly with radius; though less rapidly for small 
radius bundle than for a similar MWNT. 
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Figure 6.10: SWNT-bundle network capacitance versus radius, the outer-most shell 
contributes almost all of the bundles capacitance even for large bundles 
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Figure 6.11: Fraction of tubes contributing to the SWNT bundle network capacitance 
calculated at a 90% threshold value - normalized 
These results allow prediction of the capacitance of coaxial structures based on MWNT 
108 
or SWNT bundles. Presuming a coaxial structure formed based on an aggregate 
nanotube core, a conformal ceramic dielectric insulating layer and a metal counter-
electrode acting as an ideal classical conductor, the network capacitance previously 
derived is simply added in series with the classical geometric capacitance of the metal-
nanotube structure to obtain the equivalent coaxial capacitance and calculate the 
electronic properties of the system based upon classical formulas. In all cases we are 
most interested in the capacitance and energy densities for these structures as they would 
be found in a carpet structure. 
For MWNT coaxial systems using AI2O3,1 capacitance densities between 10"25-10"26 F/A3 
(0.1-0.01 F/cm3) are physically possible from useful device configurations as illustrated 
in Figures 6.12 & 6.13. It is noteworthy that for all but the smallest MWNT coax 
structures, the total capacitance density differs relatively little between room temperature 
and absolute zero. 
Figure 6.12: Surface plot of the capacitance of a MWNT/metal coax as a function of 
dielectric thickness & MWNT radius 
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Figure 6.13: Detail of the capacitance surface plot shown in Figure 6.12 for dielectric 
thicknesses from 200->1000A 
For SWNT bundle coaxial configurations, the capacitance depends less severely on the 
bundle radius than it does for a MWNT based coax as can be clearly seen in Figures 6.14. 
This gives somewhat more leeway for device design and structural inhomogeneities for 
SWNT bundle devices than for MWNT devices. The effect of the dielectric permittivity 
is seen in Figure 6.15, where the AI2O3 (er= 9.6) has been replaced by TiCh" (er= 85). 
1
 Relative permittivity, AI2O3 = 9.6 
" Titanium dioxide comes in several crystal forms with relative dielectric constant values ranging from 48 
for anatase to 170 for c-axis rutile at 300K. For these calculations a value of 85 is used, typical of sintered 
titania materials. 
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Figure 6.14: Surface plots of the capacitance of a SWNT-bundle/metal coax as a 
function of dielectric thickness & SWNT-bundle radius with the figure on the right 
showing dielectric thicknesses from 0—> 1000A and the right providing a more detailed 
view of the range 200->1000A. 
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Figure 6.15: Surface plot of the capacitance of a SWNT-bundle/metal coax utilizing 
titanium dioxide as a high dielectric constant insulator graphed as a function of dielectric 
thickness & SWNT-bundle radius 
The total energy which can be stored in a material is a function of both the capacitance 
and the maximum allowable voltage across the dielectric. Being similarly coaxial, all of 
these structures are approximately the same in terms of dielectric breakdown behaviour. 
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Dielectric breakdown refers to the behaviour of an insulator subjected to a large enough 
electric field to conductively transmit current.1 The dielectric breakdown of any material 
happens at some critical electric field strength which is a constant for the material. One 
quality that is particularly useful to this technology is that the breakdown field for a thin 
film is typically much higher than the breakdown field for a bulk material.35 For this 
study .06 V/A were used as an estimate for the thin film dielectric strength values for 
both alumina and titania.36'37 The coaxial nature of these structures leads to the strongest 
field strength localized at the inner electrode with a value of: 
F A V V = E, . x r. x In 
max break in 
out 
For nanoscopic coaxial structures the attainable voltage range is on the order of 4-15 V. 
Coax Maximum Voltage 
Figure 6.16: Contour plot of the maximum voltage which an ideal cylindrical coaxial 
capacitor can maintain as a function of radius and dielectric thickness 
1
 Unlike tunneling current, this breakdown current typically creates a physically disrupted path within the 
insulator and renders it easier to conduct current so that this type of breakdown represents an irrecoverable 
physical failure of the device. 
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Since capacitance density and maximum voltage are fully characterized with respect to 
the geometric parameters of the system energy density can be calculated directly. For a 
MWNT/alumina coax, this leads to achievable energy densities on the order of 10"24 J/A3 
(1 J/cm3) over a broad range of dielectric thickness and MWNT radius. 
MWNT Coax Energy Density 
Figure 6.17: Surface plot of energy density for a MWNT/metal coaxial capacitor as a 
function of MWNT radius & dielectric thickness. 
For a SWNT bundle/alumina coax the energy density contour values are slightly larger 
(by roughly a factor of 5) but follow the same general trend as MWNT/alumina based 
coaxes. SWNT bundle/titania coax configurations represent roughly an order of 
magnitude energetic improvement over alumina based structures due to their higher 
dielectric constant. These results indicate that nanotube capacitor devices with energy 
densities of over 35 J/cm3 are physically achievable. 
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Figure 6.18: Surface plots of energy density for a SWNT-bundle/metal coaxial capacitor 
as a function of bundle radius & dielectric thickness. On the left the dielectric is AI2O3 
(er= 9.6)on the left the dielectric is Ti02 (er= 85). 
To allow for simultaneous optimization of capacitance density, energy density and 
maximum voltage parameters for device applications, these data can be simultaneously 
represented in the form of a joint contour plot as in Figure 6.19. 
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Figure 6.19: Contour plot of capacitance density, energy density and maximum voltage 
for SWNT-bundle coaxial capacitors as functions dielectric thickness (AI2O3) and bundle 
radius, (note that contour values are plotted according to an exponential progression 
[e=2.7182818...]) 
These results indicate that nanotube carpet based capacitor structures show significant 
promise for a variety of applications including stand alone high power capacitors, and on-
chip applications including decoupling capacitors. For comparison, the 2005 milestone 
setting large millisecond discharge capacitor MJ/4 (for military use in EM Guns) has an 
energy density38 of 2.68 J/cc. Thus this technology represents a tremendous increase 
over current state of the art technologies. This approach represents an entirely different 
direction from current high power capacitor research (which is primarily focused on the 
synthesis of new and better dielectrics); however, this approach is compatible with any 
dielectric which can be conformally deposited onto the carbon nanotubes so that this 
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approach can be combined with other state of the art methods to attain even higher 
energy densities. Since these devices are based on high conductivity solid state 
constructions, it is expected that the power density of these devices will follow the energy 
density. The exact power behaviour will depend upon the internal device resistance, 
which is a function of both the nanotube length and the contact resistance of the 
nanotube-contact interface.39 
As an on-chip technology,40 the fact that these devices are based vertical structure offers 
the benefit of creating capacitor devices with ultra-high capacitance densities per surface 
area while maintaining low losses due to tunneling current.41 For a relatively short 
SWNT carpet (10 urn) and a relatively unoptimized volumetric capacitance of 1E-25 F/ 
A3 this offers an areal capacitance of 1000 fF/um2 while maintaining low tunneling 
leakage current whereas the International Technology Roadmap for Semiconductors 
projects the 2018 capability of on-chip MOS capacitors to be 11 fF/um2. This represents 
an advantage of two orders of magnitude over currently predicted technologies. 
Broader Implications 
The network model predicts several consequences for other electronic phenomena in 
carbon nanotube based systems which are worth noting. Transistors based on a single 
SWNT have a well defined current/voltage relationship42 depending only on the device 
geometry, materials and chirality; however, transistors based on SWNT bundles (or 
MWNT) will exhibit a broadened voltage response based upon the differential coupling 
of different tubes in the bundle to externally applied fields. This has particularly great 
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consequences for depletion mode devices in which all layers in the bundle must undergo 
depletion to truly turn "off." It must also be noted that the altered charge configuration 
implied by quantum capacitance effects within a nanotube bundle will have consequences 
for AC resistance and inductance within aggregate nanotube structures. 
6-3: Fabrication 
The fabrication of solid state supercapacitors based on carbon nanotube carpets 
fundamentally requires: (1) a CNT carpet connected to a conducting base, (2) an 
insulating dielectric layer conformally coated onto the SWNT carpet and base, (3) a 
conformal counter-electrode around the dielectric layer. The process is illustrated in 
Figure 6.20. 
Figure 6.20: Diagram illustrating basic elements for SWNT carpet capacitor fabrication 
processes. 
117 
While methods for step 1 have been developed and demonstrated;1 methods to deposit 
conformal layers of dielectric onto carbon nanotube carpet structures require the 
development of new techniques. It is the requirement of conformality layer that provides 
the most stringent requisite for the fabrication of these devices. Any flaws, or 
inhomogeneities in this coating will result either in a short circuit or lowered structure 
capacitance. 
Atomic layer deposition" (ALD) is an obvious candidate as one of the few synthesis 
techniques which naturally produces thin films conformally deposited on surfaces. ALD 
is essentially a chemical vapor deposition (CVD) technique which has been divided into 
two sequentially cycled half-reactions. The sequential, self-limiting nature of this 
reaction creates conformal layers on any surfaces capable of strong adsorption of either 
precursor and is often used to create conformal coatings onto high aspect ratio porous 
materials.4 M 
A typical ALD deposition cycle involves filling a sealed chamber with each half-reaction 
precursor consecutively, purging the chamber between each precursor to eliminate stray 
reactions. Since the two precursors are mutually reactive but otherwise inert they will 
react only at adsorption sites whereas if they were simultaneously introduced into a 
reaction chamber they would react homogeneously to nucleate particulates throughout the 
gas phase as well as on available surfaces. 
1
 Carpet Growth [cf. Chapter 2]; Flipover Transfer [cf. Chapter 4] 
" Sometimes called atomic layer epitaxy - ALE 
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One of the most commonly used precursors for ALD is trimethyl aluminum (TMA) 
which is reacted with an oxidant (e.g. H2O) to form conformal aluminum oxide 
(stoichiometrically AI2O3). This reaction chemistry proceeds at relatively low 
temperatures (225°C) and non-aggressive conditions45 making it compatible and scalable 
for technological application. 
These properties naturally suggest ALD as a facile method to deposit a thin insulating 
layer of alumina for solid state nanotube carpet device fabrication.1 However, the 
closed grapheme bonding structure presented by pristine carbon nanotube surfaces is 
inert toward typical ALD chemistries including TMA-H2O and are not coated by these 
techniques.47 Previous work has demonstrated that SWNT which have been sidewall 
functionalized with appropriate reactive moieties such as nitrobenzene are conformally 
coated by TMA based ALD chemistries as illustrated in Figure 6.21,47 Other work has 
demonstrated that non-covalently bound moieties such as DNA and SDBS can similarly 
provide nucleation sites for ALD chemistry and facilitate the growth of conformal 
insulating layers onto pristine nanotubes.48'49 While these methods have demonstrated 
the ability to coat SWNT through ALD processes, they require liquid phase processing 
steps which may disrupt the carpet morphology [cf. Chapter 5] and are uncertain to be 
reliable in creating the uniform coating needed for further ALD processing. 
In contrast to these structurally disruptive methods, Gordon et al. have demonstrated a 
1
 Other methods including polymer coating techniques46 were explored for this technology but showed only 
limited success. 
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technique utilizing a specialized ALD chemistry which enables pristine SWNT to be 
ALD coated using a purely gas phase process.50 In the Gordon method, NO2 is used in as 
a conditioning precursor in conjunction with TMA. NO2 is known to physisorb strongly 
onto pristine carbon nanotube surfaces leading to a long adsorption half-life51 and was 
found to reacts with two TMA molecules to form a larger, very low vapor pressure 
species non-covalently bound to the surface of the nanotube as depicted in Figure 6.21. 
This in turn acts as a nucleus for further ALD coating using a standard H20:TMA 
chemistry.1 
Figure 6.21: ALD coating of SWNT. On the left the effects of nanotube 
functionalization are shown. On the right the adsorption of NO2-TMA on SWNT is 
illustrated. - adapted from D. Farmer et al.47'50 
This method has been shown to be very efficient at producing high quality conformal 
insulating coatings on pristine SWNT.50 Coating thicknesses with good conformality 
have been demonstrated between 2 to more than 100 nm. In this study for device 
fabrication, coating thicknesses between 10nm-60nm were deposited. However, this 
1N02 on SWNT acts as a peculiar and fortuitous precursor in that it sticks to the SWNT but not to the 
complex that it forms so that continued cycles of N02'.:. TMA do not form a thickening layer. 
120 
method is not 100% efficient; it is observed that portions of some SWNT remain 
uncoated despite this treatment; the reason remains unknown. 
To construct a working solid-state nanotube carpet device it is necessary to coat not only 
the SWNT but the electrical contact substrate that they are anchored to. Gold based 
surfaces are more difficult to obtain a pristine coating on as the the inert nature of the 
gold surface renders it less reactive toward typical ALD chemistries including TMArEkO. 
To alleviate this difficulty in solid-state carbon nanotube carpet device fabrication, 
titanium nitride was used as the bonding layer for flipover carpet transfers, [cf. Chapter 4] 
A series of ALD coated carpet samples were created to test the capacitive behaviour of 
these structures. The ALD process was observed by SEM to coat the SWNT carpet and 
produce generally high quality conformal coatings as shown in Figure 6.22. 
Despite the general success of this ALD method, these coatings are observed to exhibit a 
121 
significant number of flaws which will act as shorts in carpet capacitor applications. 
These flaws are readily observed as partial terminations, and globular formations of 
alumina coatings on the SWNT which leave portions of the SWNT uncoated as observed 
in Figures 6.23 & 6.24. 
Figure 6.23: SEM image of ALD coated SWNT carpet demonstrating presence of 
coating imperfections. Regions of uncoated SWNT bundles are shown in the enlarged 
calloutbox. 
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Figure 6.24: SEM image of ALD coated SWNT carpet demonstrating presence of 
coating imperfections. The appearance of "floating" alumina balls is indicative of 
incomplete nucleation on SWNT so that the alumina coating is non-conformal and leaves 
exposed SWNT regions. 
To remove coating imperfections from the carpet and eliminate short circuits, an 
oxidative etching step was introduced. By exposing ceramic oxide coated carpets to an 
oxidizing etch, the oxide is unaffected and protects coated SWNT from being damaged. 
Uncoated SWNT are etched away, leaving a carpet free from uncoated imperfections.1 A 
second layer of ceramic oxide is then deposited using TMAit^O ALD one to seal 
insulating structure. Carpets were treated with oxygen/argon plasma (Fischione 1020 
Plasma Cleaner) to remove flaws. SEM observations of plasma treated carpets found no 
1
 Complete attainment of this goal requires that the etching step be perfectly efficient in its activity; this 
may be hindered by incomplete diffusion of etching species and similar effects. 
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imperfections remaining in the carpet as shown in Figures 6.25 & 6.26. However, these 
observations are limited to the surface of the carpet and are inconclusive on the efficacy 
of this treatment within the carpet. 
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Figure 6.25: SEM image of AI2O3 coated SWNT carpet after oxygen plasma treatment 
demonstrating the absense of coating imperfections. No uncoated regions are visible, 
previously uncoated regions of SWNT are observed to have been etched away. 
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Figure 6.26: SEM image of AI2O3 coated SWNT carpet after oxygen plasma treatment 
demonstrating the absense of coating imperfections. No uncoated regions are visible, 
previously uncoated regions of SWNT are observed to have been etched away. 
ALD can also be used to deposit the counter-electrode conformally around the dielectric 
insulating layer around the nanotubes. A variety of chemistries are known for ALD 
deposition of conductors: notably among them metals such as tungsten (from WF6: 
S12H6), intermetallics such as titanium nitride (from TiCU '• NH3) and highly doped 
semiconductors such as aluminum doped zinc oxide (from Zn(C2H5)2/Al(CH)3: H2O) 
with high conductivity in the range of 10"3 fi'cm.52 Aluminum doped zinc oxide was 
deposited to act as a conformal counter electrode in these experiments. 
These methods are all combined to fabricate a finished capacitor sample device. 
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Recipe: 
• SWNT carpet prepared on a copper chip substrate using a TiN:Au flipover 
• Carpet coated in first layer of AI2O3 (10nm-60nm) 
• Oxygen plasma treatment (90 seconds) 
• Carpet coated in second layer of AI2O3 (5 nm) 
• Carpet coated in Al doped ZnO (20 nm) 
• Circuit leads are attached using silver paint (Ted Pella - Leitsilber 200); this is 
attached directly on the counter-electrode face, the back surface is first scratched 
to ensure good electrical connection between the silver paint and the copper chip 
• A dilute hydrochloric acid solution (Alfa Aesar - HC1 IN) is applied with a cotton 
swab to remove ZnO around the carpet on the chip. This ensures that the ZnO 
does not conduct around the carpet to the back of the chip to cause device 
shorting, 
6-4: Testing 
Characteristics of Interest 
As we are most immediately seeking to fabricate solid-state capacitors from nanotube 
carpets, capacitance is naturally the electrical characteristic of greatest interest. Ideally, 
these devices would be described purely by their capacitance value; however, all real 
devices have some non-zero resistance, inductance and capacitance which must be known 
to fully understand and quantify the electrical behaviour of a device. To fully 
characterize the equivalent circuit behaviour of these devices the resistive, inductive, and 
capacitive contributions must each be measured, 
Traditional capacitor materials have relatively low intrinsic inductance and inductive 
effects can be ignored. Carbon nanotubes are known to have higher inductance than 
traditional materials due stemming the non-classical "kinetic inductance" effect [cf. 
Chapter l];53 however, these effects are still small compared to inductive contributions to 
solid-state nanotube carpet device behavior are expected to be relatively minor. For 
instance a lOnm densely packed metallic bundle is calculated to have approximately 100 
nH/mm inductance54 and.2 pF/mm capacitance [cf. Figure 6.14] implying a resonant 
frequency above 1011 Hz and inductance can be safely ignored. 
Theory of Measurement 
"LCR" measurement is a method which measures the complex valued impedance of a 
device over a range of frequencies which provides all data of interest for any one port 
device constructed of linear circuit elements. Electrical characteristics of solid-state 
nanotube carpet test devices were measured using a QuadTech 1920 autobalancing LCR 
meter. This unit uses a circuit as pictured in Figure 6.27 to measure the complex valued 
impedance of a device under test (DUT). Both voltage across the device and current 
through the device are sampled with reference to an internal standard resistor using 
differential amplifiers with controlled gains are measured as signals "Ex" and "Es" 
respectively.55 Algebraic manipulation results in a simple formula for the complex 
impedance: ZDUT=RstaDdard x\Ex/Es). Both signals are simultaneously sampled many 
times per cycle resulting in a waveform signal containing both amplitude and phase 
information. This complex valued impedance contains all electrical characteristic 
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information for the system and can be mathematically directly converted into the 
characteristics of interest. The LCR meter exports these characteristics directly after 
performing the necessary mathematical transforms internally. 
Ex (Voltage) 
rn 
Figure 6.27: Circuit Diagram for QuadTech 1920 LCR meter 
Finished carpet devices were connected to the LCR meter via impedance matched Kelvin 
clips through strand wire leads silver-painted (Ted-Pella - Leitsilber 200) onto each side 
of the carpet device. 
Each carpet was tested at using a 20 mV amplitude sine wave signal with OmV offset 
across the frequency range: 20 Hz, 100 Hz, 500 Hz, 1 kHz, 10 kHz, 100 kHz, 1 MHz. 
The amplitude and phase angle of the impedance were simultaneously tested and 
recorded. Impedance measurements were made on several different carpet samples 
constructed from carpets of different heights and with different dielectric coating 
thicknesses. Similar data were recorded for each case and no systematic trends were 
observed. To illustrate the general observations data are shown in table 6.1 from a ~45 
urn tall carpet coated in AI2O3 60 nm1 thick, oxygen plasma etched, coated in 2 nm AI2O3 
and coated with Al doped ZnO counter-electrode. 
Table 6.1: Impedance Data 
|Z| (CI) 
7.143 
7.147 
7.152 
7.157 
7.166 
7.157 
6.999 
9(rad) 
-0.12467 
-0.12474 
-0.12483 
-0.12491 
-0.12507 
-0.12491 
-0.12216 
/(Hz) 
20 Hz 
100 Hz 
500 Hz 
1kHz 
10 kHz 
100kHz 
1MHz 
Relatively low impedance at low frequency is indicative of a large amount of leakage 
current which is hypothesized to be due to short circuits through the device. 
1
 These thicknesses are not recorded directly and refer to previously calibrated films deposited on SWNT 
using the same method. 
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Figure 6.28: LCR impedance data measured for a SWNT carpet sample device, corner 
frequency is seen to be between lOkHz - 100kHz. The midpoint of this frequency range 
would correpsond to a capacitance of-7.05E-7 F 
Impedance data plotted as log|Z| v. log(f) clearly shows a characteristic "low-pass" filter 
characteristic of a resistor and capacitor in parallel. The corner frequency is observed to 
be between 10kHz - 100kHz, indicating1 a capacitance value between .22uF - 2.2 uF. 
This is approximately equivalent to 3.2E-3 F/cc - 3.2E-4 F/cc. Maximum theoretically 
predicted capacitance densities for this geometry are on the order of 5E-2 F/cc. The 
difference from the model predictions are believed to stem from the apparent large 
concentration of short circuits within the device and geometric deviations" from the 
idealized structure modeled expected for real carpets. More efficient elimination of short 
circuits within the device is expected to lead to higher device capacitance and lower 
if^(27cRC)-1 
11
 Geometric non-idealities stem both from geometrically inherent packing factor inefficiencies and due to 
spatial inhomogeneities in the carpets themselves. 
leakage current through the device. As carpet growth processes are improved and as 
thinner dielectrics are used the capacitance of created carpets are expected to more 
closely match the predictions made by the idealized model. 
6-5: Conclusions & Future Directions 
Theoretical Predictions Indicate High Performance Possible 
Full models taking into account both electrostatic and quantum capacitance contributions 
indicate that high energy storage densities are achievable up to approximately 30 + J/cm3. 
Since these structures are fabricated entirely as high conductivity solid-state devices, 
commensurately high power storage densities are also expected. These theoretical 
predictions motivate a high level of interest in these materials for next generation power 
capacitors. 
The nanostructuring and three-dimensionality of these devices offer a pathway to create 
next-generation on-chip decoupling capacitors. Estimated capacitance of these devices is 
approximately two orders of magnitude more areal capacitance than for the projected 
2018ITRS node making these devices very promising for on-chip applications. 
General Fabrication Methods Demonstrated 
Methods for the fabrication of electronic devices based on vertically aligned SWNT 
carpets have been demonstrated. Methods for growth and transfer of carpets onto 
conductive substrates have been demonstrated [cf. Chapter 6]. ALD based on strongly 
adsorbing precursor species50 has been demonstrated as an effective technique for 
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creating conformal insulating coatings on nanotube carpets. Reactive oxidation etching 
has been shown to be an effective method to compensate for the imperfect efficiency of 
the ALD process. 
Capacitance Observed - Significant Short Circuit Density 
Significant capacitance (~1.76E-3 F/cc) has been observed for fabricated capacitor 
devices around an order of magnitude below those predicted by the modeling results for 
an optimal case. However, a significant density of short circuits still exists within the 
carpet which must be eliminated before these devices are suitable for power storage or 
decoupling applications. More efficient burnout and optimized coating thicknesses are 
expected to greatly improve capacitance characteristics to near values predicted by the 
model. 
Direct Coating Conformality Testing (Liquid Counter-Electrode) 
In order to optimize this process to create viable electronic components, a more efficient 
characterization method is needed for the conformal dielectric coating & short circuit 
removal processes. The most direct and robust approach is to use a conducting low 
surface tension liquid counter electrode to directly measure the structures capacitance and 
short circuit DC characteristics. This can be most efficiently achieved using liquids 
which can exchange electrons directly with the nanotubes without changing the nanotube 
surface. Liquids which can conduct electrons directly (e.g. mercury) are conceptually the 
simplest solution but their high surface tension and toxicity makes them undesirable. 
Liquid electrolyte systems which can undergo reversible single electron redox such as 
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ferrocene/ferricinium solution in polar organic solvent (e.g. acetonitrile). Direct short 
circuit & capacitance quantification using liquid electrode characterization methods will 
enable rapid characterization of future solid-state capacitor materials for efficient 
optimization of fabrication protocols. 
Scalable Fabrication Methods 
Technological utilization of these new nanotube based solid-state supercapacitor devices 
will require a commercially scalable fabrication process. Current fabrication methods 
involve single chip processing; however, in order to scale this technology roll-to-roll 
growth and transfer methods are envisioned for device manufacture. 
VFETs 
Continued development of carpet-based devices beyond the capacitor configuration holds 
promise for high power density transistors which will enable significant miniaturization 
and price savings over current devices. Of particular note, these structures can be 
implemented as electrolytically gated devices. While electrolytic devices are relatively 
slow, many power transistor applications do not require high speeds and the simplicity of 
device construction is greatly attractive for these applications. Additional manufacturing 
and developmental difficulty for transistor devices is expected to be relatively, and this 
provides a dual market for next generation electronics applications for nanotube carpet 
devices. 
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